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Introduction 


Rocket Science doesn’t require white lab coats or a job in Cape 
Canaveral. You don’t need a million-dollar budget or a Ph.D. 
either. An ernpty sõda bottle and an air pump will do just fine, 
because rocket Science is the theory behind launching these rock- 
ets into the air, no rnatter whether you are launching a state-of- 
the-art rocket or an ernpty sõda bottle. 

Although pressurized air and water is not quite the sarne 
as liquid hydrogen, we stiil calculate it using the sarne laws of 
physics. And it’s not as complex as you may think. Typical high 
school rnath and physics classes cover 95% of the information 
needed to understand rocket theory, but few of thern take the 
extra step to apply the basic principles to rnore complex appli- 
cations such as rockets. 

Science Olympiad offers students the opportunity to explore 
rocketry and to extend their classroom knowledge to practical 
applications. This handbook is intended to be a guide to the 
Science Olympiad event, but it can also provide a useful resource 
for all types of hobby rockets. 

While reading this book, every student (and teacher) has one 
question in mind: How do I get the longest tirne aloft? There 
is no single formula or design to guarantee one- and two-minute 
launches; the key to rnaking a rocket stay aloft for a minute is to 
understand why the rocket stays aloft for a minute. 

Although this handbook contains the “secrets” of building 
a one-minute rocket, you will not find plans or instructions for 
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building a winning rocket. However, you will find what I call 
“building techniques”—these are methods that I and other stu- 
dents at Columbus High have developed. Plans would restrict 
creativity and ingenuity, and defeat the purpose of the Bottle 
Rocket event. Techniques, on the other händ, have the opposite 
effect. By understanding how to construct a fin capable of with- 
standing strong forces and how to build a parachute by melting 
plastic bags will allow you to create any fin or parachute that 
you can imagine. 



Format 


This is a handbook—a guide containing lots of various topics 
related to water rockets. It is not a typical book which you 
would read cover-to-cover. In fact, the chapters in this book 
could probably be arranged in any randorn order, and it would 
rnake little difference. 

The chapters are definately not arranged in order of difhculty. 
Do not be discouraged if a chapter seenis too lõng or overly tech- 
nical. Skip over it and go on to another chapter. 

To rnake the book rnore organized, the chapters are grouped 
into three rnain categories: theory, construction, and mathemat- 
ics. 

The first part, Rocket Theory , is the rnost general and explores 
the fundamentals of rocketry. Fundamentals often carries a con- 
notation of “basics,” but this is not the case in this handbook. 
By “fundamentals,” I arn referring to the physics principles which 
govern rockets and how to apply these principles to building a 
good rocket. The fundamentals in this book cover topics such as 
stabiltity and forces, which are overlooked by rnost other books. 
These fundamentals are the key to developing a winning design, 
because they eliminate the guesswork that would otherwise be re- 
quired. Once you understand the fundamentals, you will be able 
to look at your rocket, and spot areas for improvement, without 
using trial-and-error techniques. 

Part two, Rocket Construction , consists of chapters that each 
focus on one particular component of the rocket. The build¬ 
ing techniques contained in this handbook are ones that we at 
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Columbus High School have tested and used, but they are not 
the only (and likely not the best) methods for building rockets. 
Always feel free to try new methods and materials. 

The third part, Mathematical Calculations, is really a sup- 
plement to the first two parts. Earlier chapters will refer to 
parachute designs and simulator results obtained frorn the for- 
rnulas and algortihms in Part III. Although it is not necessary 
to understand these formulas to use the data, they provide the 
information needed to develop Computer rnodels and simulations. 



Part I 


Rocket Theory 




Chapter 1 

Ten Common Myths 


Myths about rocket design are everywhere. This chapter should 
help to clear up 10 of the rnost common misconceptions about 
the design of water rockets. 

Myth #10 - If it looks good, it will fly. 

Few students understand the physics principles which determine 
a rockefs flight. Understanding these principles—forces (thrust, 
gravity, ete...), drag, and stability—are critical to building a 
successful rocket. Often, the “this looks about right” rnethod 
does not work, beeause large, supersonic rockets are designed 
differently, beeause of their high speeds and Computer guidance 
systenrs. An introduetion to rocket design begins in chapter 3. 

Myth #9 — Using a heavy noseeone is the most reliable 
way to deploy a parachute. 

There are rnany better ways to deploy a parachute using an 
“aetive” systern—one involving spring-loading or rubber bands. 
Using an airspeed-sensitive flap, these can be set to deploy at 
apogee, utilizing the maximum height of the rocket, and ap- 
proaehing an 80-95% reliability rate (depending on how well the 
systern is constructed and tested). See chapter 10 for rnore on 
aetive deployment systenrs. 
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Myth #8 — Duct tape is the best material for attaching 
rocket parts, because it is strong. 

Duct tape is stronger than necessary for rnost rocket parts. It 
adds unnecessary weight to the rocket, which greatly decreases 
the rocket’s performance. (A typical piece of duct tape weighs 3 
to 10 grarns, decreasing a rocket’s tirne aloft by 1 to 3 seconds 
for every piece of tape used. See chapter 3 for rnore on the effect 
of excess weight on rockets.) Packaging tape or mailing tape is a 
rnuch lighter alternative, and offers sufficient strength. 

Myth #7 — All materials on water-powered rocket must 
be waterproof. 

Waterproof materials are not necessary on any part of the rocket, 
even fins. It is rnore important to use light materials, instead of 
waterproof materials. A stable rocket will always fly vertically, 
so that the water inside will be propelled away frorn the rocket. 
(Learn how to rnake a rocket stable in chapter 5.) Of course, use 
a funnel, and be careful when filling, especially if you use balsa 
or cardboard on your rocket. 

Myth #6 — If the rocket holds together on the ground, 
it will be strong enough during flight. 

A typical rocket experiences 30 to 40 G’s of acceleration during 
launch. This rneans that during a fraction of a second of the 
flight, pieces of the rocket has the effective weight of 30 to 40 
tirnes their norrnal weight. For example, a 30 grarn parachute 
will weigh as if it were 900 to 1200 grarns! If the platform that 
supports the parachute is not strong enough to support this rnuch 
weight, it will likely break during launch. See chapters 13 and 
14 to learn rnore about calculating a rocket’s acceleration using 
Computer simulations. 

Myth #5 — The amount of water in a rocket has little 
effect, as lõng as it is around 50%. 

This is false for two reasons: 

1. The amount of water has a great effect on the rocket’s 
height. In bottle rockets, water is thrust, but it also adds 
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excess weight. You must reach a compromise between thrust 
and weight to find the optimum water level. 

2. 50% is too much water for a typical rocket. The optimum 
water level varies for each rocket, depending on weight and 
drag, but it is typically between 40% and 45% of the bottle’s 
actual võlume. (To learn how to calculate the optimum 
water level using a simulator, see chapters 13 and 14.) 


Myth #4 — Adding fins, no matter what type or where 
they are placed, will improve a rockefs height. 

Height is a result of rnany factors—rnost importantly, stability. 
Fins will improve stability only under two conditions: 

1. The fins must be rigid. They must be able to “push” 
against the wind, even when the rocket is travelling at 
speeds over 80 MPH. 

2. The fins must be located behind the center of gravity of 
the rocket. Otherwise, they will have the opposite effect, 
rnaking the rocket less stable and decreasing the height. 

See chapter 5 to learn how to determine the effictiveness of fins. 

Myth #3 — Aluminum duct tape is good for attaching 
fins. 

Aluminum duct tape does not work for attaching fins. See myth 
t^ 4 above—fins must be rigid. If they can be bent back and forth, 
they are not doing much good. For other parts, aluminum tape 
is usually a waste of weight. Aluminum tape should only be used 
sparingly , and only on moveable parts. 

Myth #2 — Bigger parachutes are better. 

Yes, bigger parachutes result in a longer tirne aloft, but bigger 
parachutes cause extra problems: they are less reliable, they de- 
ploy slower, and they are rnore likely to fly into trees. A large 
parachute is not necessary for a flight in excess of one rninute—a 
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medium-sided parachute works fine (80 to 120 cm in diameter), 
and it is much more reliable. Weight is more important factor— 
you will have much more success if you use a light rocket with a 
medium-sized parachute. 

Myth #1 — Adding weight to the rockefs nosecone will 
increase the rockefs time aloft. 

Adding weight to a rockefs nosecone improves stability, which 
may improve the rockefs height. But this weight is only benefi- 
cial during the first four seconds of the launch. After apogee, as 
the parachute opens and the rocket descends, the extra weight 
causes the rocket to fail faster, decreasing the time aloft. There 
is a way to have the sarne increase in height, without adding 
weight: properly placed fins. See chapter 5 to learn more. 



Chapter 2 

Five Critical Factors 


A good rocket design can be summarized in five words: reliability, 
rigidness, precision, weight, and drag. There is no perfect rocket, 
but the following five critical factors will ensure that your design 
is as successful as possible. The factors are listed in their order of 
importance. For example, do not add weight (#4) to a rocket to 
decrease drag (#5), and do not select a material that is weighs 
less (#4), unless it is strong (#2). 


2.1 Reliability 

Especially in the Science Olympiad competition, where rockets 
are scored based on tirne aloft, reliability is critical. To con- 
sistently score well, you must have a rocket which reaches its 
maximum height, and has a parachute that reliabily deploys. 
Remember, a rocket that consistently gets 20 seconds aloft will 
on average, score higher than a rocket which reaches one rninute, 
but only works 20% of the tirne. 

Sirnple designs are not necessarily the rnost reliable. A serni- 
complex design, such as an airspeed-deployment systern, tends 
to be significantly rnore reliable than a rocket which relies on 
gravity, but only if it is thoroughly tested. Testing is the key 
to reliability. A reliable rocket is the result of thorough testing, 
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both on the ground, before it is actually launched, and in the air, 
through numerous launches. 


2.2 Rigidness 

Rigidness is the most commonly overlooked factor of rocket de- 
sign, but it is one of the most critical. The simulators described 
in later chapters will take the shape of the rocket and fins into 
consideration. If the rocket or any part of the fins is able to flex, 
there is no way to accurately calculate how it will perform in the 
air. 

Obviously the rocket cannot be perfectly rigid, since we are 
building it out of light materials such as plastic and balsa wood, 
but you should always rnake a reasonable attempt at rigidness. 
A good test of rigidness is sirnply by handling your rocket. You 
should be able to pick up your rocket by any part (fins and 
nosecone included), handle it, shake it around, ete... and nothing 
on the rocket should ever rnove. If it bends when you handle it, it 
will definately bend under the 80 MPH of wind frorn the launch. 


2.3 Precision 

When working on a such a snrall seale like water roekets, preci¬ 
sion is essential. On deployment Systems like the airspeed-flap, 
one millimeter of adjustment can rnake the difference between 
a rocket that is 90% reliable and one that is only 10% or 20%. 
Precision is also needed for the simulators—one centimeter will 
rnake the difference between a stable and an unstable rocket. 

Like rigidness, we must be realistic when measuring precision, 
due to the materials we have to work with. If you take your 
tirne when constructing pieces, and do it carefully with a sharp 
knife, no part of the final rocket should vary by rnore than 2 or 
3 millimeters frorn your plans. 
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2.4 Weight 

Weight is a misunderstood factor of rocket design. When used 
in reasonable amounts (80 to 200 grams), rocket weight only has 
a small effect on the rocket’s maximum height. Stability is far 
rnore import ant. 

Although the weight of a rocket does not significantly affect 
its height, it has a great affect on its tirne aloft. As the parachute 
on a rocket inflates, the rocket quickly slows down, until it reaches 
its terminal velocity (which usually takes about 2 to 3 seconds). 
Once the rocket has slowed to its terminal velocity, it contin- 
ues to fail at this contant speed until it hits the ground. This 
is where weight cornes in—terminal velocity depends on weight 
and parachute area-the rnore the rocket weighs, the greater its 
terminal velocity, and the faster it will fail. As a general ruie of 
thurnb, if you reduce the weight of your rocket by 3 grams, you 
will increase its tirne aloft by 1 second. 

2.5 Drag 

Drag is the factor which primarily determines a rocket’s height. 
It is important to design a rocket with low drag to reach its max¬ 
imum height, because the higher a rocket is when the parachute 
deploys, the longer it will stay aloft. Drag, however, is not as 
important of a factor as weight—drag only affects the first four 
seconds of the launch (frorn liftoff to apogee). Weight affects the 
rocket for the rest of the flight, frorn apogee, until it touches the 
ground. 
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Chapter 3 

Forces 


So what makes a rocket fly? Of course, it is the pressurized air 
inside the rocket that propels it upwards, but why does adding 
water increase the height of the rocket? And how does the size 
of the nozzle affect the rocket? To answer these questions, we 
must look at the forces which affect the rocket during its flight. 

This chapter provides a brief overview of the forces involved 
with water rockets. In this chapter, we will only look at the 
forces, not the actual formulas for calculating thern. To learn 
how to actually calculate these forces, see chapter 13, Simulators. 


3.1 Liftoff 

When the rocket is sitting on the launch pad, the nozzle of the 
rocket typically fits over sorne type of rubber or rnetal stopper, 
called a “launch rod.” For the first few tenths of a second, all of 
the rocket’s propulsive forces are generated by the pressurized air 
pushing against the launch rod. This pushes the rocket upwards, 
until the rocket lifts off the launch pad. We call this the “launch 
rod reaction force.” 

While the launch rod reaction force may seeni insignificant 
(it only occurs for a fraction of a second), it becomes extremely 
important when working with a simulator. As a simulator will 
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show you, the rocket typically reaches a speed of over 10 MPH 
before it ever leaves the launch pad. 

The next force to consider is gravity—the force which pulls 
the rocket towards the ground. If the launch rod reaction force 
is not greater than the force of gravity, the rocket will not lift off 
the ground. 

The force of gravity is proportional to the rockefs total mass. 
At this point, the force of gravity is constant, since the mass is 
not changing, but in the next stage, this force will be constantly 
decreasing as water is expelled through the nozzle. 

There is one last force to consider—drag. As the speed of the 
rocket increases, there is a friction with the air, creating a force 
in the opposite direction of the rockefs movement. 



Figure 3.1: Forces at Liftoff 


3.2. LAUNCH 
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3.2 Launch 

Our rocket has cleared the launch pad. We no longer have a 
launch rod reaction force, but our propulsion now cornes frorn 
the water inside the bottle. The pressurized air pushes against 
the surface of the water, causing the water to be expelled through 
the nozzle of the bottle. This creates a propulsive force, pushing 
the rocket upward. 

Newton’s third law of rnotion States: “For every action there 
is an equal, but opposite, reaction.” In this case, our action is 
the expulsion of the water out of the nozzle, and our reaction is 
the propulsive force on the rocket generated by our action. 



Figure 3.2: Forces during Launch 
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3.3 Air Puise 

After all of the water has been propelled out of the rocket, the 
“air puise” occurs. The air puise is caused by the remaining air 
pressure in the bottle leaving through the nozzle, much like the 
water did earlier. This force is not nearly as great as the one 
generated by the water, but it is important to consider it. 



Figure 3.3: Forces during Air Puise 
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3.4 Giide 


From this point on, our rocket no longer has any propulsive forces. 
Since it already has so much speed built up, it continues travelling 
upward, until the forces of drag and gravity finally bring the 
rocket to a stop. The point at which the rocket’s velocity is zero 
is called “apogee.” 



Figure 3.4: Forces during Giide 
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3.5 Descent 

After apogee, the rocket begins to descend. The force of gravity 
is the same, but one important change has occurred—drag is now 
an upward force, since drag is always in the opposite direction 
of the path of the rocket. In addition, we must now consider 
the drag created by not only the rocket, but also the parachute. 
Frorn this point on, drag is the force that prevents the rocket frorn 
gaining too rnuch speed as it descends. Otherwise, the force of 
gravity would pull the rocket to the ground in a rnatter of seconds. 



Figure 3.5: Forces during Descent 



Chapter 4 

Stability 


Stability is the single most important factor in rocket design, and 
it is also the most commonly overlooked. A stable rocket not only 
goes much higher than one that is only moderately stable, but it 
also has a much smoother flight, reducing the chance of parachute 
failures. 

One common way to improve the stability is to add weight to 
the rocket, which does improve the stability (you will understand 
why later), but a much better way to improve stability is by 
adding fins. This is not a sirnple task though. Before adding fins, 
it is important to understand the factors which contribute to the 
efficiency of the fins. A rocket with large fins is not necessarily 
rnore stable than one with srnall fins—it depends on the shape 
and position of the fins, and the shape and weight of the rocket 
itself. Understanding rocket stability will allow you to rnake a 
stable rocket while using the smallest fins, and adding the least 
arnount of excess weight and drag to the rocket. 


4.1 What is Stability? 

Stability does not necessarily rnean to fly in a straight line, or 
to fly vertically—it is the tendency of a rocket to rotate towards 
the relative wind. The relative wind is the wind “felt” on the 
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front of the rocket as it is moving. For example, if the rocket was 
rnoving at 50 MPH on a windless day, it would “feel” 50 MPH of 
wind on the front of the rocket, meaning there is a relative wind 
of 50 MPH. The relative wind is relative to the movement of the 
rocket. The relative wind is always in the opposite direction of 
the rocket. 

4.2 Swing Test 

One rnethod of determining rocket stability is the swing test. The 
swing test is done on a ready-to-fly rocket by attaching a string 
to it on the point where it balances and then swinging it in a 
large circle (about 10 feet). If the rocket points in the direction 
that it is swinging, the rocket is probably stable. 

The swing test has two major downfalls. First, it can only 
be done on a ready-to-fly rocket. The only way to test different 
fin configurations is to actually build the fins and attach thern 
to the rocket. This is not only time-consuming, but can also get 
expensive—balsa wood is not cheap. The second downfall of the 
swing test is that it is not an accurate simulation of a rocket’s 
flight. A rocket never actually experiences circular rnotion as it 
does in the swing test. Sometimes, a rocket can fail the swing 
test, but actually be stable when it is launched. 

4.3 Center of Gravity and Center of Pres- 
sure 

Before we look at rnore advanced methods of calculating stability, 
we must understand two points and how they contribute to rocket 
stability: the center of gravity (CG) and the center of pressure 
(CP) - 

The center of gravity is the center of the mass of a ready-to-fly 
rocket. It is the point where the rocket balances, and the point at 
which it rotates during flight. The center of gravity can either be 
measured by experimentation (finding the balancing point of the 
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rocket using string or your finger), or by using force-balancing 
equations (see any introductory physics textbook). 

Just as the center of gravity is the point where the gravita- 
tional forces of the rocket balance, there is also a point at which 
the aerodynamic forces (such as wind resistance) balance. This 
point is called the center of pressure. 

The center of pressure is not nearly as easy to calculate as the 
center of gravity. Without sophisticated equipment, there is no 
way to experimentally determine the center of pressure, but there 
are two mathematical methods to accurately estimate the point: 
the cross-section rnethod and the Barrowman equations, which 
will be explained in the next section. The benefit of mathemati- 
cally calculating the center of pressure, and using force-balancing 
equations to find the center of gravity, is that we can predict how 
a rocket will fly frorn the plans for it, without actually building 
the rocket. If we find out that the rocket is not stable, we can 
rnake changes to the plans before we start building the rocket. 

In a stable rocket, the center of pressure must be located 
aft of the center of gravity. This is because the aerodynamic 
forces centered at the center of pressure are in the direction of 
the relative wind (the opposite direction of the rocket). If the 
rocket is rnoving up, the aerodynamic forces are pushing down 
on it. 

Now, let’s look at how these forces work in flight. The rocket 
starts off pointing into the relative wind, but eventually, sorne 
unpredictable force (uneven drag on the rocket, a srnall gust of 
wind, ete.) will cause the rocket to stray frorn its course. If 
the center of pressure is located aft of the center of gravity, the 
aerodynamic forces will work to pull the bottorn of the rocket 
back in line with the relative wind, pointing the rocket back in 
the direction of the relative wind. This rnakes a stable rocket. If 
the center of pressure were foreward of the center of gravity, the 
opposite would happen. The aerodynamic forces would pull the 
nose in the opposite direction that it should rnove, causing the 
rocket to spin out of control—an unstable rocket. 

A rocket is not necessarily stable or unstable. There are rnany 
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Unstable Rocket 

CP is located forward of CG 
Aerodynamic forces work aga 
Rocket will spin out of contro 



Figure 4.1: The position of the CP in relation to the CG deter- 
mines stability 



4.4. CROSS-SECTION METHOD 
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different “degrees” of stability—one rocket can be more stable 
than another. Rocket stability is compared using body calibers. 
One caliber is equal to the maximum diameter of the rocket (the 
actual round body, not including fins and other protrustions). 
The distance between the CP and the CG is referred to as the 
static stability märgin 1 . Thus, if the static stability märgin is 
equal to the diameter of the rocket, the rocket has one caliber of 
stability. 

In general, one caliber of stability or greater nreans the rocket 
is stable. A negative stability indicates that the rocket is un- 
stable—it will likely spin out of control, and only get about 30 
feet of altitude. 

There is one other factor to consider—a rocket that is “too 
stable.” Yes, this is possible. Norrnal stabilities range frorn one 
to three calibers, but too rnuch higher can result in a rocket 
that is too stable. This can happen when there is a crosswind 
at the launch site. This crosswind becomes a component in the 
relative wind, and will cause the rocket to point into the wind, 
launching off to the side instead of perfectly vertical. The higher 
the stability of the rocket, the more likely it is to follow the 
crosswind. 


4.4 Cross-Section Method 

The simplest method of determining the center of pressure is 
the cross-section method. If you take a cross-section through 
the center of your rocket, frorn the tip of the nosecone, straight 
down through the nozzle, the center of the surface area of this 
cross-section will be the center of pressure. You can either find 
this mathematically, by breaking it up into rectangles, triangles, 
and other geometric shapes, or you can actually trace your cross- 
section on a piece of cardboard or other firnr material, and find 
the balancing point of the cardboard. The point where the card- 

1 A positive static stability märgin indicates that the CP is aft of the CG; 
a negative means that the CP is forward of the CG 
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Surn of Top 



Figure 4.2: The Cross-Section Method finds the center of the 
surface area of a cross-section of a rocket 

board balances (the center of gravity of the cardboard) is also 
the center of its surface area. 

There are two nrain downfalls to this method. First, finding 
the center of the surface area can be time-consuming. It takes 
only a few minutes to nrake the calculations, but it often takes 
five or ten nrodifications to a rocket’s design before you get the 
stability just right. A few minutes can quickly turn into a few 
hours when repeating the calculations over and over again. Sec- 
ond, this method has no way to calculate the effect of different 
nunrbers of fins on a rocket. Using the cross-section method, a 
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rocket with three fins has the same stability as a rocket with 
four fins, as lõng as the fins are the same shape and size. Obvi- 
ously, the one with four fins is rnore stable, but remember, the 
cross-section rnethod is only an approximation. 


4.5 Barrowman Equations 

The rnost accurate center of pressure calculations corne frorn 
what are know as the Barrowman Equations. These are a set 
of equations, developed by aeronautical engineer James Barrow¬ 
man, which are used to estimate the center of pressure of subsonic 
rockets. For bottle rockets, which do not even exceed 100 MPH, 
these equations are rnore than accurate enough. The best way 
to use the Barrowman Equations is using a Computer simulator, 
because it will allow you to try different modifications to your 
rocket to fine-tune its stability. The Barrowman Equations are 
used commonly by rocket hobbyists, so there is a lot of Informa¬ 
tion about thern available on the Internet. 

The best calculator for the Barrowman Equations is the VCP 
CP/CG Calculator , available for download as freeware on the 
Internet. VCP allows you to enter your rocket as a series of 
body sections of varying diameters and rnasses, add a nosecone 
and fins, and determine both the center of gravity and center of 
pressure with a single program. VCP s coordinate System takes 
a while to familiarize yourself with, but it is well worth the effort. 


4.6 Stability Tips 

4.6.1 Bottle Shape Affects Stability 

One important factor in designing a stable rocket is considering 
the stability of the bottles used. Different bottles have different 
natural stabilities. Bottles with a short center-section and a lõng 
neck have a naturally high center of gravity. High, that is, if it is 
used as a rocket; low if the bottle is sitting on a shelf. Many of the 
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newer bottles are designed this way, because they are less likely 
to tip over. When we flip the bottle upside-down, to be used as 
a rocket, this shape works to our benefit, because the center of 
gravity is already high in the rocket, resulting in smaller fins and 
less weight that has to be added to rnake a stable rocket. 

4.6.2 Semi-Stable Rockets 

One theory in rocket design is to design a rocket that is stable 
when the nosecone is attached and the parachutes are packed, 
but with a rocket body that has a negative stability on its own. 
This can take rnuch fine-tuning in the simulator before it is ever 
huilt, but it can be worth the effort when the rocket is actually 
launched. Semi-stable rockets, such as these, seeni to launch 
normally, like an ordinary stable rocket, but if the parachutes 
fail during the decent, these rockets decend on their side, due 
to the body’s negative stability, which creates enough drag to 
drastically slow the rocket down. Not only does this result in a 
longer tirne aloft (10 to 15 seconds, versus 6 to 8 with a fully 
stable rocket), but also causes less darnage to the rocket during 
a crash-landing. 

There is one problem with this design: sorne larger parachutes 
require the rocket to be falling fast before the parachute will 
deploy. The parachute may not open until the rocket loses most 
of its height, or the parachute may not open at all. Problems 
such as these can sometimes be fixed by using a drogue chute, 
which will be discussed later. 



Chapter 5 


Simulator Data 


Chapter 13 explains the mathmatics in creating a Computer sim¬ 
ulator for water rockets. Even without understanding how these 
simulators work, we can stiil use the results frorn a typical simu¬ 
lator to learn how to use this data to build an optimum rocket. 

Simulators are great tools for designing water rockets, because 
they allow you to test numerous factors, such as mass, water level, 
and parachute size, without the hours of launching required to 
do traditional experimentation. 

There are numerous simulators available on the Internet, which 
work similar to the methods described in chapter 13. See the 
Further Reading section for rnore information. 
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5.1 Typical Launch 


We will start by looking at the height, velocity, and acceleration 
of a typical launch. For this demonstration, we will use a 120 
grarn, 2 liter rocket with a 1 rneter diameter parachute, launched 
with 40% water at a pressure of 60 PSI. We will also assume that 
it takes 1 second for the parachute to fully deploy. 
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5.1.1 Height 



Figure 5.1: Height of the rocket during a typical launch 


The height graph provides some interesting data. First and 
foremost, you should notice that this rocket will stay aloft for 25 
seconds (assuming the parachute deploys properly and there is 
no wind). Next, notice the peak on the left side of the graph— 
here, the rocket reaches apogee about 3 seconds into the flight, 
at a height of 170 feet. Afterwards, the rocket begins to pick 
up speed as the parachute deploys. The rocket loses 15 to 20 
feet of altitude before the parachute fully deploys, and the rocket 
decends at a constant velocity thereafter. 
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5.1.2 Velocity 



Figure 5.2: Velocity of the rocket during a typical launch 


The velocity graph provides two important pieces of data: 
rnaximum velocity and descent velocity. For this rocket, the max- 
imurn velocity is 84 MPH. This velocity occurs not at apogee, but 
a few tenths of a second into the flight. Apogee occurs when the 
velocity is 0 MPH. Once the parachute opens, the rocket slows 
to its decent velocity, in this case, about -4 MPH. This decent 
velocity is one of the rnost critical factors in designing a winning 
rocket—the slower the rocket falls, the longer it is going to stay 
aloft. 
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5.1.3 Acceleration 



Figure 5.3: Acceleration of the rocket during a typical launch 


Notice that the acceleration graph has two spikes in it—a 
large one a few tenths of a second after launch, and a second, 
smaller one about 4 seconds into the flight. 

The first spike is the important one—it indicates the rnaxi- 
mum acceleration of the rocket due to the propulsion of the pres- 
surized air and water. During this launch, the rocket will experi- 
ence 28 G’s, or 28 tirnes the force of gravity, as it ascends. This 
value is important to consider when building rockets—a srnall, 
30 grarn parachute, will have the effective weight of 30 x 28 = 840 
grarns during launch! If the parachute hoid is not strong enough 
to support the weight of 840 grarns, it will likely break. 

The second spike is caused by the rocket slowing down as 
the parachute inflates. The value of this spike is typically not 
important, because it is srnall compared to the acceleration due 
to the pressurized air and water. 
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5.2 Water Võlume 

Simulators are great for finding the optimum water level for a 
rocket. Sure, you could test your rocket with various amounts of 
water to find the optimum level, but that would be tedius. Pius, 
accurate testing is often not possible, because wind and other 
uncontrollable factors get in the way. 

Finding the optimum water level is important. Most people 
typically use around 50%, but you can usually get an extra 10 
to 20 feet of height by finding the optimum water level (typically 
40% to 45% of the bottle’s võlume). A few feet may not sound 
like rnuch, but since a typical rocket with a parachute decends at 
2 to 3 feet per second, this extra height results in another 5 to 
10 seconds of tirne aloft. 

Comparing the two graphs on the next page illustrates an im¬ 
portant point about optimum water levels—it varies depending 
on the rocket. Heavier rockets, and ones with greater drag, re- 
quire a greater võlume of water to reach their maximum height. 
For most rockets, the optimum võlume will be 40% to 45% of the 
võlume of the bottle. 

Once you find the optimum water level for your rocket, it 
is important to be able to consistently measure that võlume of 
water into your rocket. See Appendix A, Water Markings, to 
see a sirnple systern for measuring the water level inside your 
pressurized bottle. 


5.3 Mass 

Just as there is an optimum water võlume to get the maximum 
height, there is an optimum mass to reach the maximum height. 
This optimum mass varies, depending on the rocket’s drag. 

The optimum mass for rockets is typically very low. Very 
rarely will you have to add weight to your rocket to reach the 
optimum mass. Normally, a stable, aerodynamic rocket with 
parachute weighs rnore than the optimum mass, but this value 
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Figure 5.4: Optimizing water võlume for a 120 gram, 2 liter 
rocket 



Figure 5.5: Optimizing water võlume for a 250 gram, 2 liter 
rocket 
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Figure 5.6: Optimizing mass for a 2 liter rocket with 0.2 drag 
coefficient 



Figure 5.7: Optimizing mass for a 2 liter rocket with 0.5 drag 
coefficient 
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will give you a good goal for the weight of your rockets. 

As you can see from the graphs on the previous page, the 
optimum mass for a 2 liter rocket is typically between 75 and 
125 grarns. These values are deceptive though—these are the op¬ 
timum rnasses to get the maximum height. The optimum mass 
to get the maximum tirne aloft, is typically rnuch lighter, because 
weight causes the rocket to fail faster, especially when it is de- 
cending with a lot of drag (when the parachute opens). It is 
better to have a light rocket decend from an altitude of only 100 
feet, as opposed to a heavy rocket decending from 120 feet. 



Figure 5.8: Optimum mass can be deceptive—under certain con- 
ditions, additional weight will increase height, but it will actually 
cause the rocket to fail faster. 

If your rocket weighs less than the optimum mass, there is a 
sirnple solution: bring your rocket up to weight by adding addi¬ 
tional parachute. This will not only increase the height of your 
rocket, but it will also result in a slower deeent and longer tirne 
aloft. 
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Part II 

Rocket Construction 
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Chapter 6 

Fins 


In Chapter 4, we learned to calculate the shape and size of fins 
for a rocket, but building thern can be another challenge. 



Figure 6.1: Fin Dimensions and Terminology 
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We will start by looking at the simplest fins, single-ply fins. 
These work well for rockets which need only small fins to rnake 
them stable, but as rockets are built larger and lighter, they 
require larger fins that must be reinforced. We will look at these 
“3-dimensional” fins too. 


6.1 Single-Ply Fins 

A single sheet of light plastic or wood is adequate for rnost basic 
fin designs. (l/16 th inch balsa wood works best) They are the 
simplest and easiest to fins to rnake, but they have a weakness: 
plastic will bend and balsa will break. 


6.1.1 Fin Patterns 

One useful tip before constructing a set of fins is to rnake a pat- 
tern on a sheet of paper. Be sure to keep it in a folder or other 
safe place, because you will need it to build replacement fins. 
Single-ply fins usually last only a few launches, so it is best to 
plan ahead and build extras. 

Also, a fin pattern can be useful for building fins with various 
angles. Sirnply rnake a copy of the fin pattern, cut it out, and 
trace it on to the material. 


6.1.2 Constructing 

Building fins is sirnply a rnatter of taking your tirne and carefully 
cutting the balsa with a sharp knife, but there is one important 
tip when constructing fins: When using wood, always cut 
fins with the grain of the wood parallel to the leading 
edge! This rnakes fins rnuch stronger and less likely to break 
during flight. 
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Figure 6.2: A sample, single-ply fin pattern from The Hornet 

6.1.3 Breaking Point 

As we said before, the downside of single-ply fins is their low 
breaking point. As a general ruie, on a norrnal rocket, launched 
at 60 PSI, the maximum span of a single-ply balsa fin is between 
10 and 15 cm. Remember, tliis ruie applies when the grain is 
cut parallel to the leading edge. Fins with grains cut in other 
directions sometimes fail with a span only 5 to 10 cm. 

Since the 10 to 15 cm ruie applies to l/16 th inch balsa wood, 
you can sometimes get away with a few extra centimeters of span 
by using 3/32 nds . This is usually not a good idea, because it adds 
extra drag and weight. 3-dimensional fins are usually a better 
solution. 

An important sign of fins that are approaching their break¬ 
ing point is “fluttering.” Fluttering occurs when the air traveling 
over the fins causes intense vibrations and will lead to structural 
failure. Sometimes fluttering is minimal, and only causes a hum- 
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ming noise as the rocket lifts off, but take this as a warning— 
when fluttering gets too bad, the fins will rip apart. 

6.2 Reinforced Balsa Fins 

Reinforced fins, or “3-dimensional fins,” are made of three sep- 
arate layers of balsa wood glued together to form a strong, but 
light fin. Reinforced fins have rnuch rnore strength than single-ply 
fins, and can be used when extra stability is needed. 


'fs 
! \ 



Figure 6.3: Internal balsa structure of a reinforced fin 

Reinforced fins are constructed using two strips of l/16 th inch 
balsa wood, approximately 1/2 to 3/4 of an inch in width and 
have a length of about 2/3 rds of the span of the fin. A third, 
smaller piece of l/16 th inch balsa is placed in between the other 
two strips, to increase the thickness of the fin at the root. As 
usual, rnake sure the grain of the wood is parallel to the leading 
edge. 

The internal structure is then covered with 1 /32 nd inch balsa 
wood, which rnakes up the actual surface of the fin. The two 
pieces are first glued to the internal structure, then their edges 
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are glued together. (l/32 nd balsa is very flexible) For decreased 
drag, the edges of the fin can later be sanded down to a smooth 
edge. 


6.3 Other Materials 

Fins do not necessarily have to be made frorn balsa wood. Balsa 
is sirnply a light material that is relatively easy to work with. 
Any type of plastic, cardboard, or other material can be used for 
fins, as lõng as it is rigid. Remember, the stability simulations in 
the previous chapter assume that the fins on the rocket are rigid. 
Fins that are not rigid will have no effect on a rockefs stability. 

6.4 Attaching Fins to Rockets 

A good fin is useless unless it is attached to the rocket well. Like 
a fin, the joint should be rigid, and prevent the fin frorn rnoving 
around. Materials such as duct tape (even aluminum tape) do 
not work well, because they allow the fin to rnove back and forth 
during flight, rnaking the fin useless. 

The best way to attach fins to a rocket is by using a strong 
glue, such as a super glue or hot glue. Medium-set Jet glue works 
best. 

Unfortunately, Science Olympiad rules prohibit using super 
glues or hot glues directly on the pressurized bottle. We can 
work around this by cutting strips of plastic frorn another bottle. 
The strips should be the length of the fin, and about one inch 
wide. Before using super glue on the plastic, be sure to 
thoroughly sand it with a light sandpaper (500 grit or 
lighter), until the plastic becomes translucent. Otherwise, 
the glue will not stick to the plastic! Apply a few drops of glue 
to the plastic and set the fin in place. Once the glue hardens, 
apply a full bead of glue to each side of the fin for extra strength. 

Now you can attach the strips of plastic to the rocket using 
mailing or packaging tape. (Scotch extra-strength mailing tape 
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works well.) When taping fins to the rocket, be sure to 
completely cover the top of the plastic strip with tape! 

If the top of the strip is not taped, air can get underneath during 
launch, and the fin will rip off. 


6.5 Extra Reinforcement 

Although super glue works well for attaching fins to rockets, this 
joint can never be too strong. Remember, by Science Olympiad 
rules, if the fin breaks off during launch, the rocket is automati- 
cally disqualified. 

For extra reinforcement, a flexible, caulk-like glue works well. 
After the super glue has dried, run a srnall bead along each edge 
of the joint, and let it dry for at least 24 hours. 



Chapter 7 


Parachutes 


Once we have covered the basics, and can build a rocket that is 
stable, it is time to start working on the next aspect: parachutes. 
A sirnple plastic bag will work if you’re only looking for a few 
seconds aloft, but a competitive rocket requires a rnuch better 
parachute. As you will see, building a good parachute can be as 
complicated as building the rocket itself. 


7.1 Dome Parachutes 

First, we will look at dome parachutes. These parachutes are 
made frorn multiple panels of fabric, sewn together to forrn a 
dome shape—far rnore efficient than the typical flat parachutes 
used in rnodel rocket kits. 

Parachutes work by trapping air to create drag. For a flat 
parachute to work, it must first inflate, by forming a dorned shape 
to catch the air. When this happens, only half of the parachute 
is used to trap air, while the other half flaps around uselessly. A 
dome-shaped parachute solves this by “fitting” the shape of the 
air, so all of the parachute’s surface area is used. 
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Figure 7.1: A 6-panel dome-shaped parachute 


Dome-shaped parachutes are constructed out of three or rnore 
pieces of material (usually plastic). These panels are attached 
together like a beach ball, with panels attached side to side, with 
every panel meeting at a single point at the top. There is no 
exact formula for determining the number of panels needed for a 
parachute, but here are sorne typical values: 


Parachute Diameter 

Parachute Type 

Typical Number of Panels 

< 40 cm 

Small Drogue 

4 

40 - 60 cm 

Large Drogue 

6 

60 - 100 cm 

1-Liter 

8 

100 - 130 cm 

2-Liter 

8 


A top view of the parachute shows how the panels are con- 
nected. The panels of a 6-panel parachute appear to be six tri- 
angles, but the panels are not actually triangular. They are flat- 
tened out spherical triangles —the sides are no longer straight 
when rnapped in two dimensions. 


Although dome-shaped parachutes work extremely well, there 
is stiil a way to improve thern further: elliptical parachutes. 
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Figure 7.2: Left: A top view of a 6-panel dome-shaped parachute. 
Right: A single panel of the same parachute. Notice that the 
panel is no longer triangular-shaped when it is laid flat. 

7.2 Elliptical Parachutes 

Elliptical parachutes are essentially stretched-out versions of dorne 
parachutes. They allow the parachute builder to rnake a larger 
parachute with the same arnount of material. Thus, elliptical 
parachutes are lighter and deploy faster than their equivalent 
dome-shaped parachute. 

In a dome-shaped parachute, the radius equals the height, 
but in an elliptical parachute, the height is less than the radius 
(typically 70% of the radius). This ratio has a give-and-take 
effect. As the height decreases, the parachute requires less ma¬ 
terial, but loses efhciency. Eventually, if the height is decreased 
all the way to zero, we are back to a circular parachute. 


7.3 Constructing a Panel 

The first step in building a parachute (either dorne or elliptical) 
is to build a pattern for one panel of the parachute. For now, we 
will assurne that you already have the coordinates that forrn the 
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curve of your panel—in Part III you will learn how to calculate 
coordinates for parachutes of any shape and size. 

Here is the output from a parachute calculator. We will use 
these values to construct our pattern: 

Diameter: 100 cm 
Height: 50 cm 
Bottom Gverhang: 10 cm 

# of Panels: 8 

# of Calculated Points: 10 

Panel Coordinates: 

(+/- 0.00 cm, 78.54 cm) 

(+/- 3.41 cm, 69.81 cm) 

(+/- 6.72 cm, 61.09 cm) 

(+/- 9.82 cm, 52.36 cm) 

(+/- 12.62 cm, 43.63 cm) 

(+/- 15.04 cm, 34.91 cm) 

(+/- 17.00 cm, 26.18 cm) 

(+/- 18.45 cm, 17.45 cm) 

(+/- 19.34 cm, 8.73 cm) 

(+/- 19.63 cm, 0.00 cm) 

Vertex of Overhang Are: (0 cm, 14.28 cm) 

Radius of Are: 24.28 cm 
Angle of Are: 1.8842 radians 

To construct our pattern, first, find a large enough piece of 
posterboard. (You can use heavy paper, but posterboard works 
best) Also, this posterboard needs to be white, or another light 
color—you will be rnaking a lot of pencil rnarks on it before we 
get to our actual shape. 

To determine the size we need, look at our panel coordinates: 
the x values range from —19.63 to 19.63, thus we need a width 
of about 40 cm. Our y values range from 0 to 78.54, but notice 
that we have an overhang of 10 cm, so we actually need a height 
of about 90 cm. 
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Once we have our posterboard, we need to draw our x- and 
y-axis. It is important that these are perpendicular, because we 
will base all of our other measurements on thern. Make sure that 
they are perpendicular by using the corner of a sheet of paper to 
mark the right angle. As we stated before, our x-axis needs to 
range frorn —19.63 to 19.63 cm, and our y-axis needs to range 
frorn —10 to 78.54 cm. You can always make the axes longer 
than these measurements—those are just how rnuch our pattern 
will occupy. 


X 


y 


Figure 7.3: Axes for our 100 cm dorne parachute 
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Figure 7.4: Completed pattern for a 100 cm dome parachute 
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Once we have our axes, we can mark off our y values on our 
y-axis. These should be equidistant, as we will show in our next 
chapter. 

Once we have our y values märked, the next step is to mea- 
sure out the corresponding x values and mark our points on the 
posterboard. Connecting these points should give us the curved 
sides of our panel. 

Finally, we construct our overhang. Overhang is an are, so 
we must first find and mark this coordinate, (0, 14.28), on our 
posterboard. Next, construct the are using a compass. If it is 
large parachute, as in this case, a standard compass will not be 
large enough. You will have to use two pencils and a piece of 
string. (A piece of posterboard with holes punched in each end 
also works well.) 

Now, we can cut out our pattern and use it to traee onto 
our panel material. Use a dark marker to traee your pattern 
onto your material. When cutting, do not cut directly on 
the lines! You must leave room for a seani to attach panels 
with. The width of this seani depends on the rnethod you will 
be using to attach panels together. Also, if you will be using a 
soldering iron or wood burner, you will cut the panels and rnelt 
thern together at the sarne tirne, so do not cut thern out yet. 

7.4 Methods of Construction 

7.4.1 Glue or Tape 

Glue or tape can be used to attach panels together, but it does 
not work well. Tape and glue both add a great deal of weight to 
the parachute, and rnake the parachute stiff. 

7.4.2 Iron 

Panels can be rnelted together using an iron. Place two pan¬ 
els, one on top of another, on an ironing board, and place your 
posterboard pattern between the two pieces of plastic. This will 
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prevent the panels from melting together anywhere except for the 
seams, which will be hanging over the edge of the pattern. Cover 
both of these with a cloth or towel, and then iron the seam for 
10 to 20 seconds. Allow a few seconds for the plastic to dry, then 
pull out the towel and the pattern. The plastic panels should 
be rnelted along the seam into a single piece of plastic. If not, 
repeat the sarne process and try again. 

7.4.3 Soldering Iron or Woodburner 

The best way to attach panels together is to use a low-power 
soldering iron or woodburner. This rnethod creates the srnall- 
est seam, compared to the other methods, and thus, creates the 
lightest parachute with the rnost flexibility. 



Figure 7.5: Using a rnetal ruler and soldering iron to attach 
parachute panels 
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If your soldering iron or woodburner is too hot, causing the 
plastic to melt too fast, you can reduce the power by installing a 
dimmer switch, used for lights, to reduce the power. 

Take two panels (do not cut thern out), and lay thern on top of 
each other so that the lines you traced frorn the pattern overlap. 
Working piece-by-piece along the curve, take a rnetal ruler and 
hoid it along the line. While pressing down on the rnetal ruler, 
run the soldering iron along the ruler’s edge. It should rnake 
a nice cut, approximately 1 mm in width, and in the process, 
it will melt the edge of the two pieces of plastic together. If the 
soldering iron cuts through the plastic without melting the panels 
together, increase the temperature of the soldering iron. 

Repeat this process to attach all of the panels together, mak- 
ing sure that the searns are all on the sarne side. If the parachute 
is made carefully enough, the tops of the panels will rneet in a 
single point, and a top panel will not be needed. 


7.5 Shroud Lines 

Shroud lines are attached to the bottommost point on each panel 
of the parachute (in the overhang area). The very purpose of 
the overhang is to attach shroud lines—they help to distribute 
the force of the shroud lines, and prevent thern frorn pulling the 
parachute closed. 

To attach shroud lines, first place a piece of tape where you 
want to attach the line. Do this on both sides of the plastic. 
Then, use a hoie punch to cut a hoie through both layers of tape 
and the plastic. Do not use scissors to cut the hoie! A round 
hoie is less likely to tear when the shrouds are pulled tight. 

For an even stronger hoie for attaching shrouds, touch the 
tape with a hot woodburner or soldering iron. This will melt a 
hoie through the parachute and both pieces of tape, but it will 
also cause sorne of the plastic to bead up around the edge of 
the hoie. Once cooled, this will forrn a hard, protective ring and 
prevent tearing of the parachute. 
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Many different materials can be used for parachute shroud 
lines. Most types of string work fine, but of course, the stronger 
and lighter, the better. Do not use fishing line. Fishing line tends 
to hoid its shape, and not want to flex. It is rnore likely to get 
caught or tangled than regular string. 

Dacron is one of the best shroud materials available, not only 
because it is strong and light, but because it does not hoid its 
shape when coiled for a lõng period of tirne. Dacron can be found 
in many stores and hobby shops, often soid as kite string. 

Shroud length is also an important consideration. Typically, 
shrouds should be 2 to 2 1 / 2 tirnes the diameter of the parachute, 
but this is often not practical for Science Olympiad rockets, which 
have a maximum length of 3 rneters. Usually, shrouds that are 1 
to D/2 tirnes the diameter will suffice, and allow you to put the 
largest parachute possible within the 3 rneter lirnit. 



Chapter 8 

Parachute Deployment 
Systems 


The best parachute is dead weight without a good parachute 
deployment systern. This is the rnost critical part of any rocket, 
since it determines the difference between a one rninute launch 
and a six second launch. 

There are rnany different methods for deploying a parachute 
on a bottle rocket, ranging frorn the simplest gravity systern to 
a complex airspeed flap design. We will look at both of these 
deployment Systems and how they work. 

These are not the only two reliable ways to deploy a parachute. 
Other methods, such as using a balloon or wind-up tirner, can 
be found on the Internet. See the Further Reading section for 
helpful links to get started. 


8.1 Gravity Deployment 

The theory behind gravity deployment is sirnple: heavier things 
fail faster 1 . Therefore, if the rocket body weighs 60 grarns, but 

1 The laws of physics may appear to contradict this statement, but only in 
a vacuum. When forces such as wind resistance are taken into consideration, 
heavier things fail faster 
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the nosecone weighs 80 grams, the nosecone will fail faster, sep- 
arating from the nosecone. Then, if the length of the string at- 
taching the nosecone to the body of the rocket is longer than the 
total length of the parachute (including shrouds), the parachute 
will deploy. 

This System is the “quick and easy” way to get a parachute 
deployed on a bottle rocket, but it has three major downfalls: 
First, this systern is not very reliable—even if you have a great 
difference in the weight of the body and nosecone, there will stiil 
be occasional failures for no reason. Second, this systern requires 
a lõng string for the nosecone, which under the Science Olympiad 
lirnit of 3 rneters, drastically reduces the parachute size that you 
can use. Third, rockets that use this systern are heavyl For a 
realiable rocket, you will need the weight of the nosecone to the 
body in at least a 2:1 ratio (e.g. a 200 grarn nosecone with a 100 
grarn body). The very principle that rnakes this systern work is 
what rnakes it so unusable—a 300 grarn rocket falls fast, even 
with a parachute 2 . 


8.2 Airspeed Flap Deployment System 

The airspeed flap solves all the problems of gravity deployment— 
once it is finely tuned, it is extremely reliable, adds no additional 
length to the rocket, and it adds only a mere 5 to 10 grams to 
the weight of the rocket. 

The airspeed flap was originally designed by Dave Johnson, 
but there are now rnany variations of its design. The design 
presented here is a unique variation developed by Columbus High 
School. For rnore information on Dave Johnson’s original systern, 
you can find the address of his web site in the Further Reading 
section of the handbook. 

2 Our record for a gravity-deployed rocket is 23 seconds 



8.2. AIRSPEED FLAP DEPLOYMENT SYSTEM 


59 



Figure 8.1: A typical Airspeed Flap Deployment System 
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The main component of this System is the airspeed flap— 
a small flap of plastic (made from the mid-section of an empty 
bottle) that is hinged at the top and attached to the side of the 
rocket body. This airspeed flap will be held against the rocket 
body by the force of the wind during launch. At apogee, the 
wind will no longer be strong enough to hoid the flap down, so 
it will open, and release the nosecone. 

To prevent the main airspeed flap from deploying while the 
rocket is on the launch pad, a trigger flap is used. The trigger 
flap is released by the force of the wind from liftoff. 

The nosecone sits on top of the rocket, and is held in place 
by two rubber bands—one on each side. One rubber bänd is 
attached to the rocket body, while the other is hooked on to the 
main airspeed flap. These rubberbands work as opposing forces— 
if they are tensioned properly, they will hoid the nosecone in place 
during the launch. Once the main airspeed flap opens, the rubber 
bänd attached to it will be released. The nosecone will be pulled 
off by the rubber bänd on the other side, releasing the parachute. 


8.2.1 Platform 

Before constructing an airspeed flap deployment systern, you 
must first flatten out the top of the rocket body using a plat¬ 
form made of light cardboard or plastic. The parachute will sit 
on top of this platform. 

To prevent the nosecone from slipping off of the platform 
during launch, cut a small ring out of the mid-section of another 
bottle. Mount the ring around the platform, leaving only l/8 th 
to l/4 th of an inch protruding above the platform. 
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Figure 8.2: A platform with nosecone ring 

8.2.2 Nosecone 

As stated above, the nosecone should have a rubber bänd at- 
tached to each side of it—one will be attached to the rocket 
body; the other to the rnain airspeed flap. Place another rubber 
bänd on the inside of the nosecone. Once there is a parachute 
on the platform, this rubber bänd will act as a “spring” to push 
the nosecone off. For even better results, use two rubber bands 
on the inside, and attached thern in a cross. 


8.2.3 Main Airspeed Flap 

The rnain airspeed flap is constructed frorn the mid-section of 
another bottle and hinged at the top. The rnain airspeed flap 
should have two pins attached to it. You rnake these pins frorn 
paperclips or wire, or you can replace the pins with plastic to 
avoid using rnetal parts. The first pin is located near the top, 
and is perpendicular to the surface of the flap. This pin will be 
used to hook the rubber bänd going to the nosecone. The second 
pin is located at the bottorn of the flap, pointing down. The 
purpose of this pin will be explained in the next section on the 
trigger flap. 




8.2. AIRSPEED FLAP DEPLOYMENT SYSTEM 


63 


8.2.4 Trigger Flap 

The purpose of the trigger flap is to hoid the rnain airspeed flap 
down while the rocket is on the launch pad. It can be made of 
a small hinge, with a hoie drilled on one side. The pin frorn the 
bottorn of the airspeed flap can be placed through this hoie to 
hoid the rnain flap in place. During launch, the trigger flap will 
be forced down by the wind, releasing the rnain airspeed flap. 



Figure 8.4: 


Trigger Flap and Trigger Pin 



Before Launch 

Main Flap is held in 
place by Trigger Flap 



Main Flap is released 


Figure 8.5: The Trigger Flap releases the Main Airspeed Flap 
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8.2.5 Tensioning the Rubber Bands 

The airspeed flap deployment System only works if the rubber 
bands are tensioned properly. The best way to test it is by setting 
the rnain airspeed and trigger flaps, then blowing on the flaps to 
simulate the wind frorn the launch. With one large breath, you 
should be able to release the trigger flap and stiil hoid the rnain 
airspeed flap down. If the rubber bands are tensioned right, the 
nosecone will spring off as soon as you stop blowing on the rnain 
airspeed flap. If not, try different combinations of rubber bands 
to get the right tensions. 


8.3 Airspeed Flap With Drogue 

To further improve the airspeed flap design, we can add a second 
parachute compartment and a drogue parachute to the design. A 
drogue parachute (typically 30 to 50 cm in diameter) is designed 
to deploy quickly. When it is attached to the top of the rnain 
parachute, the drogue will help to inflate the rnain parachute 
faster. For consistent, quick deploys of large parachutes, use an 
airspeed flap to deploy the drogue chute and let the drogue pull 
the rnain chute out of its compartment. 
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Figure 8.6: Typical Airspeed Flap Deployment System with 
Drogue Parachute 





Chapter 9 

More Parachute Tips 


9.1 Packing Parachutes 

The best way to pack a parachute is using the “z-fold.” Hoid 
the parachute frorn the top and stretch it out into a lõng roll. 
Then, fold the parachute back and forth every two to three inches, 
depending on the size of your parachute hoid. 

At competition, it may be necessary to pack your parachute 
before competition, hours before it is actually launched. If this is 
the case, sprinkle baby powder over the entire parachute (inside 
and outside) before you fold it, and continue to sprinkle baby 
powder as you fold the parachute. Baby powder will help prevent 
the plastic frorn sticking together. It is best to test this a few 
tirnes before competition, to rnake sure the parachute does not 
expand or get stuck in the parachute hoid. 


9.2 Testing Parachutes 

Sometimes, you may have to test your rocket in less-than-ideal 
conditions. If the wind gets too heavy, and could possibly blow 
the rocket into nearby trees or obstructions, it is best to test 
the rocket without using full parachutes. Testing with smaller 
parachutes is a possibility, but on light rockets, parachutes are 
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used as ballast, and they are critical to a rockefs stability. It is 
better to test with full parachutes, while restricting the parachute 
from fully opening with a twist-tie. To do this, stretch the 
parachute out, as if you were about to do a z-fold. Take the 
twist-tie, and tie it around the rniddle of the parachute. This 
will restrict the parachute to approximately a third of its norrnal 
surface area. If you need to use even less parachute area, rnove 
the twist-tie down further. 


9.3 Multiple Parachutes 

Multiple parachutes are possibly a way to get rnore parachute 
surface area, but they create rnany additional problems, and are 
probably not worth the effort. 

On multiple-parachute rockets, there is a good chance that 
one or rnore of the parachutes will get tangled. Extra precautions 
must be taken when folding parachute shrouds. 

Another serious problem is that on a multiple-parachute rock¬ 
ets, the parachutes usually inflate at different tirnes. Often, only 
one will inflate for the first five to ten seconds of flight, be- 
cause it reduces the speed of the rocket, which prevents the other 
parachutes from inflating. 


9.4 Parachute Age 

It is important to keep track of parachutes ages and the plas- 
tic that they are made from. Mixing parachutes of different 
ages (either as multiple parachutes or a main-drogue cornbi- 
nation) can cause problems. As parachutes age, they becorne 
stiffer and require a greater velocity to inflate. Often, only the 
newer parachutes will deploy, causing the older parachutes to be- 
corne dead weight that only increases the chances of getting the 
parachutes tangled. 
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9.5 Shroud Tangling 

Shrouds getting tangled can be a problem in rockets. For mul- 
tiple-parachute rockets, it is best to keep the shrouds in different 
parachute compartments. For single-parachute rockets, the best 
solution is to attach a fishing swivel between the shrouds and the 
rocket body. This will allow the parachute to roll and spin as it 
inflates, without tangling the shroud lines. 
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Chapter 10 

Nosecones 


There are two theories to nosecone design: 

1. Make it as heavy as possible. 

2. Make it as light as possible. 

The reasoning behind the first theory is stability—by adding 
weight to the nose of the rocket, you rnove the center of gravity 
forward, increasing the rocket’s stability. This is the “quick-and- 
easy” way to build a rocket, but it has a major downfall—you 
won’t get over a few seconds aloft, because the rocket is sirnply 
too heavy. 

Since you’ve already read this far into the handbook, you’re 
obviously not looking for the “quick-and-easy” way to build any- 
thing. Instead, we’ll look at rnaking nosecones light and strong. 


10.1 Materials 

Selecting the right material is the key to building a light nosecone. 
Pieces frorn plastic bottles tend to work well, as lõng as you do 
not use the nozzle section or the base of the bottle—these are 
the heaviest sections (See Appendix C for rnore information on 
bottle weights). 

If you decide to use part of a 2 liter bottle as a nosecone, be 
sure to cut off the top 4 cm of the nozzle. To cover the hoie, you 
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can make a small cone out of the mid-section of a bottle. Simply 
take a piece of plastic from a bottle, roll it into a conical shape, 
and attach it with glue or packaging tape. 

To make your nosecone even lighter, thoroughly sand it with 
100 grit sandpaper. (Remember: Sanding on the pressurized 
bottle is not allowed, but you can do whatever you want to 
nosecones and other parts) You can typically reduce the weight 
of the cone by 30% to 50% by sanding. After doing this, the 
plastic will becorne very rough—use a lighter grain of sandpaper 
(500 to 1500 grit) to make the plastic srnooth. 

10.2 Aerodynamics 

The nosecone is the rnost important part of a rockefs aerody¬ 
namics. It is critical that the nosecone is rigid, because the rocket 
will experience 80 to 100 MPH of wind as it is launched—paper 
or other weak materials will not help to deflect the wind under 
these speeds. 

Shape of the nosecone is also important to reduce drag. The 
best way to test nosecone shape is using a wind tunnel, but we 
will not cover wind tunnels in the handbook. More information, 
including plans to build your own wind tunnel, can be found on 
the Internet. 



Part III 

Mathematical 

Calculations 
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Chapter 11 

Dome Parachute 
Calculations 


This chapter on dome parachute calculations is here as an in- 
troduction to constructing 3-dimensional parachutes. The algo- 
rithms in the next chapter, Elliptical Parachute Algorithms, can 
calculate both elliptical and dome parachutes, but those are far 
rnore complex and rnuch harder to learn. The calculations in 
this chapter are rnuch simpler, and will work well enough for 
rnost students. 

In the Chapter 7, we looked at how to construct elliptical 
and dome parachutes—they are made up of multiple panels in 
the shape of spherical triangles. The purpose of this chapter is 
to calculate the shape of these spherical triangles. In this chapter, 
we will calculate an 8-panel, 100 cm diameter dome parachute. 

First, we look at our parachute through its vertical cross- 
section—a semi-circle. The first step in calculating our panel is 
find its length. This is easy enough, since the panel occupies half 
of our semi-circle. Thus, the panel length, P[, is 



where d is the diameter of of the parachute. For our parachute, 
this formula gives us a panel length of approximately 78.5 cm. 
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Figure 11.1: Equally-spaced points on the vertical cross-section 
of a parachute 


Next, we must calculate some equally-spaced points along 
one side of the semi-circle. The number of points you calculate 
depend on how accurate you want your panel to be. Typically 10 
to 20 points is sufficient. The purpose of these points is to serve 
as reference points for the rest of our calculations. 

To calculate these points, first divide 90° by one less than the 
number of points you wish to calculate. We will use 10 points, 
giving us a result of 10°. This rneans that our points are at 
multiples of 10°: 0°, 10°, 20°, ...80°, 90°. These angles are 
measured frorn the origin of the semi-circle. 

Since these points are equally-spaced along our horizontal 
cross-section, they will also be equally-spaced along our final 
panel. The distance between each point can be calculated by tak- 
ing the panel length, P/. and dividing it by the number of points 
minus one. For our parachute, the distance between points is 
78.5/(10 — 1) « 8.7 cm. The y-values of our parachute are mul¬ 
tiples of this number: 0.0, 8.7, 17.4, .. .69.8, 78.5 cm 1 . 

1 Notice that 78.5 is not a multiple of 8.7. This is due to a rounding error— 
you must actually use the full decimal value, 8.7222..., when calculating your 
y-values. 
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Figure 11.2: Equally-spaced points along the horizontal cross- 
section of a parachute 


Next, we will look at the horizontal cross-section through each 
of these points. The parachute, like the skin of an onion, forrns 
circular rings when it is sliced horizontally. Also, these rings 
have an important property: they pass through each panel of the 
parachute equally. 
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As far as calculating these rings, we must go back to the 
vertical cross-section to first find their diameter. The formula 
uses basic trigonometry, so its dervitation will not be shown here: 

dring — d eos 0 

d is the diameter of the parachute. 6 is one of the angles calcu- 
lated above. 

We must calculate the diameter for every one of the equally- 
spaeed points shown above. For our 100 cm parachute, you 
should get the following values for the diameters: 100.0, 98.5, 
94.0, ... 17.4, 0.0 cm. 

We can calculate the circumference of each of these circles 
using the formula, c r i llg = nd r \ ng . then divide each of these val¬ 
ues by the number of panels to get the length of the are passing 
through one panel. For our parachute, you should get the follow¬ 
ing values: 39.2, 38.7, 36.9, ... 6.8, 0.0 cm. 


We’re alrnost done! These ares, when rnapped our 2-dimen- 
sional panel, will beeorne straight lines. Our panel is symmetrical 
over the y-axis, so we can calculate our x-values by dividing the 
are lengths by two. Pairing these with the y-values calculated 
earlier gives us our final panel coordinates: (±19.6, 0.0), (±19.3, 
8.7), (±18.5, 17.4), ...(±3.4, 69.8), (±0.0, 78.5). 



Chapter 12 

Elliptical Parachute 
Algorithms 


We showed how to calculate points for a dome parachute in the 
previous chapter, but how can you calculate points for an el¬ 
liptical parachute? The technique is very similar: we rnake a 
parachute panel by first calculating the points on a vertical cross- 
section of the parachute, which forrns the top half of an ellipse 
(hence the narne “elliptical parachute”). Once we have the points 
on a vertical cross-section, we take a horizontal cross-section of 
the parachute at each of the points we calculated. Since a hor¬ 
izontal cross-section is a circle, the radius is the distance frorn 
the point to the y-axis on the vertical cross-section. And once 
we have the circle, we can find the circumference, and divide the 
circumference by the number of panels to find the width of the 
panel at that point. 

The trick is in calculating the equidistant points around the 
ellipse. The equations for an ellipse are covered in any good rnath 
book, but for this application, we must go a step further. There 
is no exact, mathematical rnethod for calculating equally-spaced 
points on an ellipse, so we must develop an algorithm to estimate 
the coordinates. 
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12.1 Tangent Points Algorithm 

The Tangent Points Algorithm is a recursive formula for calculat- 
ing equidistant points on an ellipse by using derivatives to deter- 
mine the slope of the tangent line through any point. It requires 
a basic knowledge of calculus. See the next section for another 
algorithm, although not as accurate, that does not require any 
calculus. 

Since these points are equidistant, we can refer to the distance 
between thern as a constant 1 , z. Once we calculate our z value 
and have one point on the ellipse, we can estinrate the point 
adjacient to it by constructing the tangent through the point, 
with a length of z. Mathematically, this cannot actually be a 
point on the ellipse, since tangents only touch one point, but if 
we calculate enough points, the points will fit the ellipse close 
enough for our purposes. 



Figure 12.1: Estimating equidistant points using tangent lines 


1 The constant, z, is different for every parachute. 
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Let’s start by looking at the variables that are inputs: 


Variable 

Description 

Unit 

Range 

d 

Diameter 

cm 

d > 0 

h 

Height 

cm 

h > 0 

Pn 

Number of Panels 


Pn > 3 

O 

Overhang 

cm 

o > 0 

P 

Number of Points 


p > 3 

s 

Seam Width 

cm 

s > 0 

f 

Precision Factor 


2.0 < / < 10.0 

M t 

Material Tliickness 

cm 

M t > 0 

M d 

Material Density 

g/cm 3 

M d > 0 


Next, well calculate sorne other variables: 


Var. 

Description 

Unit 

Formula 

r 

Radius 

cm 

d 

r = — 

2 

Pi 

Panel 

Length 

cm 

P i = \ 4 / V ^ + ~ V / ( r + 3h)(h + 3r)J 

F 

Precision 


F = 10 / 

c 

Number of 
Calculated 
Points 


c = F ■ (p— 1) + 1 

z 

Distance 

Bctween 

Points 

cm 

Pi 

z = — 
c 


Radius should be self-explanitory. 

Panel Length is l/4 th the circumference of the ellipse 2 . The 
formula is based upon Ramanujan’s formula for the circumference 
of an ellipse. 

Precision, and its cousin, Precision Factor, have been arbi- 
trary values up until this point, but they becorne very important 
when determining the number of points to calculate. As stated 
earlier, we actually calculate rnany rnore points than we use, to 
rnake the points fit the ellipse closer. The multiple which we use 

2 Bc careful not to confuse the circumference of the ellipse with the cir¬ 
cumference of the opening. 
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is called Precision, and Precision Factor is simply a logarithmic 
seale of Precision. These variables should be set as high as pos- 
sible, considering the speed of your Computer, to get an aeeurate 
computation. The higher these numbers are, the rnore aeeurate 
the panel will be, but it will take longer to calculate. 

And finally, we calculate our z, which tells us how lõng we 
need to rnake our tangents. 


Before we go any further, we must explain a bit of the notation 
that will be used in the next seetions. The lowercase letters 
x and y denote coordinates on the vertical eross-seetion of the 
parachute, and the uppercase letters X and Y denote the x- and 
y-eoordinates on the pattern for the panel. Points that are being 
calculated are denoted as ( x n ,y n ), and this point on the vertical 
eross-seetion corresponds to the point (X n , Y n ) on the panel. The 
point adjaeient to (x n ,y n ) on the ellipse, which would be loeated 
above this point on the panel, is denoted (x n _|_i, y n +i)- Also, the 
notation (x n , f(x n )) is identical to (x n , y n ), beeause we can solve 
the equation for an ellipse in terrns of y to get a funetion, f(x n ) 
to find the y-value at the x-value of x n . 


Next, we will do sorne manipulation to our equation for an 
ellipse, to get it in the forrns that we need for our algorithm. 

X ^ y ^ 

The basic equation for an ellipse is —~ T = 1, but in our 

a z b z 

case, a is the radius of the parachute and b is the height, so we 
x^ y^ 

will use the equation —» + —^ = 1 instead. 

r z h z 


/ X ^ 

Solving for y yields: f(x) = y = h\l 1-y (Actually the left 

side should have a ± sign, but we do not indude it, beeause we 
are only concerned with the positive side of the ellipse) 
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And next, we take the derivative using implicit differentiation: 



1 

1 (Note 3 ) 

-^-fll Implicit Differentiation 

dx 

0 


2x 

r 2 

h 2 x 

r 2 y 

h 2 x 



Substitute for y 


hx 



We could simplyify the derivative further by rationalizing the 
denominator, but the current formula is faster when calculated 
on a Computer, so we will leave it here. 


Next, given any point (x n , we will calculate the point 

( x n+ i , f(x n+ 1 )), which is z cm away front (x n , f(x n )). 

Here is the only flaw in algorithm, which is why it is only 
an approximation of the ellipse: We assurne that the ellipse is a 
straight line passing through the two points, and thus, f'(x n ) = 
f'{x n+ 1 ). This is obviously not true, because an ellipse does not 
consist of straight lines, but since any two adjacient points are 

3 ^ — ^ and ^ —are treated as constants for the parachute 
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extremely close together, we can make this assumption without 
causing too much error in the results. (We will actually calculate 
this error later, just to make sure) 


/'(*n) 

Ay 

Ax 

Assumption 

Ax 2 + A y 2 

= z 2 

Pythagorean Theorem 

A y 

= V z 2 — Ax 2 


f'(Xn) 

V z 2 — Ax 2 

Ax 

Substitution 

Ax ■ f'(x n ) 

= V z 2 — Ax 2 


{Ax ■ f'(x n )) 2 

= z 2 — Ax 2 


Ax 2 {f'{x) 2 + 1) 

= z 2 


Ax 2 

z 2 

f'(x) 2 + 1 


Ax 

z 



yjf'(x) 2 +1 


We substitute our f'{x) frorn the section above: 

Ax = 


h ■ x„ 


\\ \r\h - {Xn)2 


+ 1 


Since x n +i = x n — Ax, substitution yields: 



And now we have our recursive formula for finding an adja- 
cient point on the ellipse! 
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Now let’s put out recursive formula to use. But first, more 
notation: p n denotes the n th point on the vertical cross-section, 
while P n denotes the n th point on the panel. Mathematically, 
this could be written as p n = ( x n , y n ) and P n = (X n , Y n ). Since 
we are calculating more points than we are actually going to use, 
we also need a way to denote the calculated points. These we 
will call c n . 

Mapping calculated points (c n ’s) to vertical cross-section 
points (pn s) is fairly easy. The first calculated point rnaps to 
the first vertical cross-section point (ci = p\). Then, we ingore 
the next few points, as determined by the precision. For instance, 
if precision ( F ) was 10, then we are calculating 10 points for ev- 
ery one that are used, thus points C 2 through cio are dropped, 
and the next point we use is cn, which would map to p 2 - The 
mathematical formula for this is: 


Pn — c F(n— 1)+1 

(Note the similarity to the formula for the number of calculated 
points, c) 

We know the first and last points on our ellipse, p\ and p v 
(which map to c\ and c c ): 


P\ = ci = (r, 0) 


P p = c c = (0, h ) 

Now that we have c\ = (r, 0), giving us x\ = r, we can 
calculate all of the points in between c\ and c c using our recursive 
formula 4 . 


4 Our recursive formula only gives us x-values, but we could calculate the 
y-values using our formula, /(*), which is the equation for an ellipse solved 
in terms of y. As you will see later, we do not need to do this, because we 
only use the x-values of the coordinates. 
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Since we have calculated a value for the second-to-last point 
(c c — 1), we might as well give our recurisive formula one more 
run, and calculate c c again, even though we know its value. We 
do this to establish how far off our estimates are, by calculating 
a percent error value. If the percent error is high, this would 
indicate that we should increase our precision factor and run the 
program all over again. Heres the formula for percent error: 

%error = ~ ^ ' 100 

r 


We have calculated our points and pulled out only the ones we 
will use, so next we must convert our vertical cross-section points 
to actual points on the parachute panel. As stated before, we do 
this by taking the horizontal cross-section through the point on 
the parachute, which is a circle, which happens to have the sarne 
radius as a x-value in p n . The formulas should be sirnple enough 
to prove on your own, so here they are: 

27 TX n 
x n - ±—Fr~ 

r Tl 


= Pi(n - 1) 

p — 1 


We now can calculate the coordinates for the curved part 
of the panel for any elliptical parachute! Although that’s the 
rneat of the section, there are stiil sorne more calculations left, 
to take full advantage of the parachute algorithm. The overhang 
formulas look fairly complicated, but they can be derived using 
basic geometry, so their proofs will not be included here. 
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Variable 

Description 

Unit 

Formula 

Pw 

Max. Panel 
Width 

cm 

P w = 2Xi 

p2 

> • o 

O r 

Overhang 

Radius 

cm 

o - 40 

U r ~ 2 

Oa 

Overhang 

Angle 

rad. 

O a = 2 arcsin(^F) 

O v 

Aoverhang 

Overhang 

Vertex 

Overhang 

Area 

(x,y) 

cm 2 

O v = (0, O r - 6) 

{O a -Ol)-{P w [O r -o\) 

2 

4 

-^opening 

Opening 

Area 

cm 2 

-^opening = 'K'T 

Vinner 

Inner 

Võlume 

cm 3 

Vinner = y • ftr 2 

-Vpanel 

Panel Area 

cm 2 

Ap an el = + X n _l) f ^ V 

n=2 ' 

-^surface 

Surface 

Area 

cm 2 

-^surface = -Vpanel ' Pn 

Sl 

Seam 

Lengtli 

cm 

= ^ \J ( X„ - Xn-i) 2 + (y n - y„~ l) 2 
n =2 

4 

-^seam 

Seam Area 

cm 2 

-d-seam — SlS 

-V-total 

Total Area 

cm 2 

— (-^panel H - -^-overhang H - 2.A S eam) ' Pn 

Vfolded 

Võlume 

Folded 

cm 3 

Vfolded — -Vfotal * Vffc 

m 

Mass 

g 

m — Vfolded ’ -V/d 
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12.2 Angle Repetition Algorithm 

The Angle Repetition Algorithm is another algorithm for calcu- 
lating equidistant points on an ellipse. It requires a significantly 
greater amount of processing tirne, and it is not as accurate, but 
it can be done without using calculus. 

The algorithm works similar to the Tangent Points Algo¬ 
rithm, but instead of using derivatives to calculate points, it uses 
a ray, drawn frorn the center of the ellipse. First, the approxi- 
rnate point distance is calculated. Then, the slope of the ray is 
gradually increased, until the point of intersection of the ray and 
the ellipse is the correct distance frorn the previous point. 



Chapter 13 


Simulators 


Simulators are the rnost useful tools for designing rockets. Al- 
gorithms for stability and parachutes were discussed in previous 
chapters, so this chapter will look at simulating the flight of the 
rocket to predict factors such as flight tirne, height, and acceler- 
ation. 

Simulators give only an estimation of a flight. The actual 
height, tirne aloft, and other characteristcs can vary trernen- 
dously frorn the simulated values, sometimes by 50% or rnore. 
Although outside factors rnake the actual flight unpredictable, 
this is what rnakes simulators so important. Because there are 
so rnany uncontrollable factors, simulators are often the only 
rnethod of comparing modifications to rockets. (For example: 
Which rocket stays aloft longer, a 150 g rocket with an 80 cm 
parachute, or a 200 g rocket with a 100 cm parachute?) To an- 
swer this question without a simulator, you would have to build 
two different rockets, two different parachutes, and measure the 
tirne aloft on numerous launches of each to get accurate enough 
averages to determine the answer. Not only does this take days 
to do, but it is often impossible, because rockets often have a 
short lifespan of only a few launches. As soon as one of the two 
rockets fails, and crashes to the ground, you have to build a new 
rocket and start testing all over again. Simulators rnake this task 
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much easier—simply punch in a few numbers, and the simulator 
will compare the two rockets. 


13.1 Notation 


Because of the number of different constants, variables, and func- 
tions used in the bottle rocket simulator, notation becomes very 
difficult. For the purpose of clarity, the following narning con- 
ventions are used throughout this chapter: 
a denotes acceleration A denotes Area 
d denotes diameter D denotes Density 
m denotes mass in kg M denotes Molar Mass (kg/rnol) 
t denotes tirne T denotes Temperature 

v denotes velocity V denotes Võlume 


In addition, standard units of measure are used for variables, 
constants, and functions. This may look awkward when doing 
computations (For instance, the diameter of the nozzle will be 
measured in, yes, metersl ), but it rnakes the rest of the formulas 
far less complicated. The following units of measure are assumed 
for all values: 


Acceleration 

m/s 2 

Area 

nr 2 

Density 

kg/m 3 

Force 

newtons 

Length (Height, Diameter, ete.) 

rneters 

Mass 

kilograms 

Molar Mass 

kg/rnol 

Pressure 

Pascals 

Temperature 

Kelvin 

Time 

seeonds 

Velocity 

m/s 

Võlume 

m 


Finally, we must rnake a distinction between the air on the inside 
and outside of the bottle, because they have different pressures 
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and densities, which is important in our calculations. The air 
inside the bottle will be referred to as air, while the air on the 
outside will be reffered to as atmosphere. 


13.2 Constants, Variables, and Functions 

It is important to understand how constants, variables, and func¬ 
tions are used in this simulator. 

A constant (such as 7r) is a number that never changes. Con¬ 
stants are used to determine the relationship between different 
units and measurements, such as the ideal gas constant, K gas , 
which relates the pressure, võlume, and temperature of a gas. 

A variable (such as diameter) is a number that changes with 
the rocket. The value of a variable can be different for each 
rocket, but the value of the variable stays the sarne throughout 
the entire flight of a rocket. 

Functions (such as velocity) are used for values that are con- 
stantly changing throughout the flight of a rocket. These values 
are written as a function of tirne, t, ( f(t )). The variable t repre- 
sents the tirne, in seconds, since the rocket is launched (when the 
locking mechanism is released, not when it cornes off the launch 
pad). 


13.3 Acceleration, Velocity, and Height 

Acceleration, velocity, and height are the three rnost important 
functions in the simulator and are written as a(t), v(t), and h(t), 
respectively. Determining the values of these three functions is 
the purpose of a simulator. The graphs of these functions are 
often plotted, to determine information such as maximum height, 
maximum acceleration, irnpact velocity, tirne of apogee, and tirne 
aloft. 

These three functions are related by integration. Integrating 
a(t) yields v(t), and integrating v(t) yields h(t). Thus, if we can 
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calculate the value of one function, we can determine the values 
of the other two. 

We will determine the value of the acceleration function, a(t), 
using Newton’s law, 

Force = Mass x Acceleration 


By rearranging to get the acceleration function by itself, we get: 

a(t) = - 

F 5 um (t) is the surn of the different forces that act upon the rocket. 
We can calculate it by adding together all the different forces that 
our simulator takes into consideration: 

Asum (t) — Agra v(t) + A ro( j (t) + Fd rag (t) + F prop (t) + Ap ar (t) 



m(t) is the function for the total mass of the rocket (including 
water) at any given tirne. We will calculate this function in a 
later section. 


13.4 Computer Integration 

The acceleration formula has not gotten extremely complex yet, 
but over the next ten pages, it will. Obviously, we don’t want to 
do all of this calculus by händ, so now is a good tirne to explain 
how to integrate a formula like this one using a Computer. 

To integrate a complex function, like the acceleration func¬ 
tion presented in this chapter, the best we can do is to find an 
approximation of the integral—the formula is far too complex to 
get an exact value. We can approximate this estimate using the 
rectangle rnethod 1 . 

1 A better approximation formula for integrals, sudi as the Trapezoidal 
Ruie or Simpson’s Ruie, can be used for a more efiicient simulator 
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a(At) 




a«At) 


Integration Using 
the Rectangle 
Method 


(AAt) 

- 


-Actual a(t) 

At = 0.001 see. 




V o 
< ra 




-a( 4 At) 


Time (t) 


0.003 


0.004 


i 05 0.006 seeonds 


Figure 13.1: Integration Using the Rectangle Method 


Instead of letting At equal zero and finding the limit, like we 
would do if we were finding an exact value, we set it to a value 
extremely elose to zero, like 0.001. (Remember, At is a measure 
of tirne, thus its unit of measure is seeonds. 0.001 seeonds equals 
one millisecond.) 

We start off with t = 0, and compute our value of a(t). We 
will next recalculate a(t) at t = At, so we will assurne that the 
value of a(t) stays the sarne frorn 0 to At. If we plot these values 
on a graph, and draw a rectangle extending to the x-axis, we 
have a rectangle of area: 


A(0) = o(0) • At 
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We increment our time, t, by A t and repeat this process. The 
sum of all of these rectangles should make a close approximation 
of the integral of a(t): 


rbmpact 


lo 


(limpact / Al j 

a(t) dt ^2 (a(i' Ai) 


Ai) 


t=o 


Notice that we integrate from 0 to iimpact- Where did fi mpa ct 
come from? When we begin our simulation, we have no clue how 
lõng the rockefs flight time will last. fimpact is not a real value— 
it just tells us to start calculating values, and integrate until h(t) 
hits the ground. 

We can integrate v(t) the sarne way to get h(t): 


rt 


impact 


(^•impact / 

v(t) dt Äi ^2 (v(t ■ 


At) ■ At) 


1=0 


You will also notice that sorne of the formulas in this section 
require the value from a function that we cannot calculate, until 
we calculate the first formula (e.g. v(t) and Td rag (f)). This is 
another benefit of integration on a Computer—we can sirnply use 
the last calculated value of the function (usually f(t — At)) as an 
approximation of the actual value that we need. 


13.5 Calculations 

13.5.1 Launch Rod 

Although the launch rod may seeni to be of little importance, it 
is actually critical to a simulator and to the flight of a rocket. 
Even on launchers with only srnall rubber fitting as a launch 
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rod (usually with a length of 2 cm or less), the rocket will reach 
a speed of 10 MPH before it ever leaves the launch rod. On 
launchers that use a pipe or other longer launch rod, this speed 
is greater, and the launch rod is even rnore critical. 


The following are input values related to the launch rod: 


Variable 

Description 

Unit 

drod. 

Diameter of Launch Rod 2 

m 

^rod 

Length of Launch Rod 

m 


Since we will need the area of the top of the launch rod for 
further calculations, we will first find the radius of the launch 
rod, r ro d, and then calculate the perpendicular surface area of 
the launch rod, d roc j: 


r iod 


d ro d 


^rod 

2 

vr(r ro d ) 2 


We will also do the sarne for -R noZ zie and A nozz \ e : 


^nozzle 


^nozzle 


d nozzle — 7r(f nozzle) 


As the rocket goes up as it is Corning off the launch pad, the 
arnount of the launch rod inside the bottle decreases. Next, we 
will calculate two functions, l ro dn(t) and KodB(^)> to determine 
the length and võlume of the launch rod remaining inside the 
bottle: 

^rodEi(f) = ^rod — h(t) 
krodEi(t) = ^rodB(t) ‘ d ro d 


2 The diameter of the launch rod must be the same as the nozzle of the 
bottle, therefore the value of d ro d may be referred to as d nozz i e when it is 
used to calculate water flow out of the nozzle. 
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13.5.2 Pressurized Bottle, Water, and Air 

There are three things inside the pressurized bottle during the 
initial launch: water, launch rod, and air. Now that we have 
calculated the võlume of launch rod, we must calculate the water 
and air. 


The following variables are inputs for our simulator: 


Variable 

Description 

Unit 

V 

Bottle Võlume 

nd 

d 

Bottle Diameter 

m 

Lvater (0) 

Initial Water Võlume 

m 3 

Pair(0) 

Initial Air Pressure 

Pa 

c d 

Drag Coefiicient of Rocket 

c d 


Kvater(O) is the initial value of the function lAater^)- We will 
show how to calculate Vwater (t) for values of t other than zero in 
the section, Propulsive Forces. 


We now have the võlume of water and launch rod inside the 
bottle, therefore the rest must be air. Let V a i T (t) represent the 
võlume of air inside the bottle (in nr 3 ): 

14ir (t) = V — Twater (t) ~ KodB^) 

Boyle’s Law States that the pressure and võlume of a gas vary 
inversely. Thus, as the võlume of air inside the bottle increases, 
due to the water and launch rod leaving, the pressure of the air 
decreases proportionally. Using Boyle’s Law, P\V\ = P 2 V 2 , we 
get the formula for the air pressure inside the bottle, P a i r (i): 

-Pair(O) • 14ir(0) 

Vair (t) 


-Pair(i) 
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13.5.3 Preliminary Propulsive Calculations 

The next step involves calculating the height of the water inside 
the bottle and the surface area of the top of the water. We need 
these values to calculate the propulsion of water out of the bottle. 

This is one place we will rnake a large simplification. We could 
actually measure the diameter of the bottle at rnany different 
heights to input the bottle’s shape into the simulator, but instead, 
we will sirnply assurne that the bottle is a perfect cylinder, with a 
hoie the size of the nozzle in the bottorn. For 2-liter bottles, this 
simplification should not rnake rnuch of a difference. For bottles 
with a longer neck, this may rnake rnore of a difference. Also, by 
working it out the lõng way, and measuring actual diameters, we 
could rnake a simulator that compares the propulsion of different 
shapes of bottles. This will not be covered here. 

For our cylindrical bottle, the perpendicular area of the bot¬ 
tle, Aperp, can be found using the formula: 

Aperp = 7T T 

We also have a function, A sur f(t), which is the surface area of 
the top of the võlume of water indicated by Iwater (t). For our 
cylindrical bottle, this value will always be the sarne as the per¬ 
pendicular area of our bottle: 


^4surf(^) — A 


perp 


Finally, we must find the height of the water level, h wa ,ter{t). 
For our cylindrical bottle, this is easy: 


^bottle 


kwater(^) 
^4surf (t) 
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13.5.4 Mass 

Mass is another important factor in rocket design. A simulator 
must also consider the changing mass of the rocket, due to the 
propulsion of the water. 


Our sinnr 

lator will have three rnore input variables: 

Variable 

Description 

Standard Value 

Unit 

^■empty 

Empty Mass 


kg 

D water 

Density of Water 

1000 

kg/m 3 

ö^grav 

Acceleration of Gravity 

-9.806 

m/s 2 


D w a t er is typically 1000 kg/m 3 , but by using a variable, we 
can test the effect of different substances as propellants. a gra v is 
similar—here on Earth, the value does not change, but just in 
case you wanted to see what a rocket would do under the moon’s 
gravity... 

To calculate the changing mass, we first find the mass of 
water, m wate r(t): 


m W ater (t) — Vwater ( t ) ‘ -Dwater 

We sirnply add the ernpty mass of the rocket to mass of the water 
to get the total mass, m(t): 

m(t) = m + m wate r(t) 


13.5.5 Air and Atmosphere 

The next thing our simulator will need is the density of air and 
atmosphere. (Remember the difference: air is inside the rocket; 
atmosphere is outside.) 
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Calculating the density of air and atmosphere will require five 
more inputs: 


Variable 

Description 

Standard Value 

Unit 

^updraft 

Updraft Velocity 

0 

m/s 

P&tm 

Atmospheric Pressure 

101325 

Pa 

Tatm 

Atmospheric Temperature 


K 

Ta ir 

Air Temperature 


K 

Matm 

Molar Mass of Atmosphere 

0.029 

kg/mol 

Mair 

Molar Mass of Air 

0.029 

kg/mol 


Updraft velocity is a constant, that in later calculations, will 
be added to the rocket’s velocity to determine the relative wind. 
A positive value will simulate an updraft resulting from a thermal 
or a hill. Typical updrafts range from 0 to 0.5 m/s. 


Notice that the air temperature and atmosphere temperature 
are input as separate values. Shouldn’t they be the sarne since 
the air we pump inside cornes directly from the air outside? Not 
exactly. On rnost launchers, the air cornes out of the launch rod 
and bubbles up through the water. When this occurs, there is 
a heat exchange between the air and the water. The change in 
temperature is srnall, so it has little effect on the overall launch, 
but this gives you the option of experimenting with heated or 
chilled air inside the rocket. 


Another important thing to notice is that the rnolar mass 
of air is input input separately from atmosphere. The typical 
value for the air we breath is 0.029 kg/rnol, but rnany bottle 
rocket launchers are equipped with air tanks, and often, nitrogen, 
oxygen, or another gas is used instead of ordinary air. The type 
of gas used to pressurize the rocket does rnake a difference, so 
here are sorne values of cornmon gases: 


Gas 

Molar Mass 

Helium (He) 

Nitrogen (N 2 ) 

Air 

Oxygen (0 2 ) 

Carbon Dioxide (CO 2 ) 

0.004 kg/mol 
0.028 kg/mol 
0.029 kg/mol 
0.032 kg/mol 
0.044 kg/mol 
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We will make another assumption: air, or whatever other gas 
we are using, is an ideal gas. This allows us to use the Ideal Gas 
Law, 

PV = nRT 


where P represents pressure, V represents võlume, n represents 
the number of rnoles of gas, R is a gas constant, and T is the 
temperature in Kelvin. Since: 


Number of Moles 
n 

we can rewrite the equation as 


Mass 

Molar Mass 
rn 

M 


PV 

MPV 

PM 

RT 


mRT 

M 

mRT 

m 

V 


Since: 


Mass 

= Density 

Võlume 

rn 

V 

= ü 


we can substitute m/V for D , yielding: 


P • M 
R-T 


With this variation of the Ideal Gas Law, we get the following 
two equations for the denstity of air, D a ; r , and the density of 
atmosphere, D atm : 




D 


atm 


Pnr ■ M a . 


K ■ T ■ 

1 v gas - 1 - air 
P itm * -^atm 
Pga,s * ^atm 


(ÜTgas ~ 8.31441 Pa • m 3 /mol • K) 
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13.5.6 Parachute 


The final set of calculations involves parachutes. The following 
values are needed as inputs: 


Variable 

Description 

Unit 

^-par 

A 

-^par 

Cpd 

-^deploy 

K 

^ v par 

Number of Parachutes 

Surface Area of Each Parachute 
Parachute Drag Coefficient 
Length of Time to Fully Deploy 
Parachute Deploy Constant 

m 2 

c d 

see. 


All of the values should be self-explanatory, except for one: 
the parachute deploy constant, i\ par . This is a value used to 
deploy the parachute exponentially. Without an exponential de¬ 
ploy, the parachute instantly being fully deployed would cause 
a huge jurnp in the acceleration graph, causing G-forces that 
would rip the rocket apart. A value of 10 is normally used for 
Äp ar . This value has no logical meaning and little scientific ba- 
sis, but it seenis to work well. Lower values create a smoother 
deploy, while higher values will create a rougher one. 

To calculate our parachute’s deploy, we need to keep track 
of our apogee tirne, which we will record as i apog ee- So how do 
we know when the rocket is at apogee? The First Derivative 
Test! Whenever our v(t) value goes frorn positive to negative, 
our rocket has passed apogee. At this tirne, we store the current 
value of the elapsed tirne, t, as t apog ee- 

After apogee, we can start calculating the percent deployed 
of our parachute, %depioyed(^) : 

(t-t \ Kpar 

%deployed(t) = — X 100 

y ^deploy J 

Like /F par , our formula for %depioyed(^) just generates an arbitrary 
y = x k graph that seenis to make a smooth parachute deploy. 


Frorn %depioyed(^)) we calculate the total area of parachute 
that has been deployed, A par D(t): 

^4parü(^) — ^par ’ -^.par ■ %deployed(^) 
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13.6 Forces 

13.6.1 Gravity 

With all of our overhead calculations completed, we can begin 
calculating the actual forces that act on the rocket. First, we 
will look at gravity. 

Remember the F = ma equation frorn the beginning of the 
chapter? We will use this sarne equation to calculate the force of 
gravity: 

Fg r av(t) = m(t ) • ögrav 


13.6.2 Launch Rod Reaction Force 

The launch rod reaction force is the force that gives the rocket 
its initial “push” off the launch pad. It is actually two forces in 
one: the force of the air inside the bottle pushing on the launch 
rod minus the force of the atmosphere which is working against 
the launch rod reaction force. 

We can calculate these forces by taking the pressure inside 
the bottle and multiplying it tirnes the area of the surface which 
it pushes against: 


Fair(t) — -Fair(t) ' ^4rod 
Tatm(t) — P&tm ' ^rod 

Subtracting these forces yields: 

F ro d (t) = F air (t) - F atm (t) 

Frod{t) = (Tair(^) ' ^rod) — (Tatm ' ^4rod) 

Frod(^) = ^4rod(Fair(t) — -Patm) 
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13.6.3 Wind Resistance 

Since there is no exact formula to calculate the wind resistance 
of an object rnoving through the air, scientists approximate this 
force using a drag coefhcient, or C r j. The only accurate way 
to determine a drag coefficient is by experimentation in a wind 
tunnel, but drag coefficients for bottle rockets are typically in the 
0.2 to 0.5 range. Here is the formula for the wind resistance of 
the rocket: 

, Cd • Hatm ' ^4perp ' [t(^) T Wpdraft]"^ 

-Cdrag(t) — ± 2 

Wind resistance is typically a downward force, but you must 
look at the velocity of the relative wind, v(t) + u up d r aft> to deter¬ 
mine whether the force is truly positive or negative. 

13.6.4 Propulsive Forces 

The propulsive force of the rocket is caused by the water that 
pushed through the nozzle by the pressurized air. Remember the 
law, “For every action, there is an equal and opposite reaction?” 
In this case, the action is pushing water out of the nozzle, and 
the reaction is the propulsive force that rnakes the rocket go up. 

First, we must realize that the water at the water’s surface 
is rnoving at a different velocity that the water at the nozzle. 
Second, we must show that at and point in the water, there is 
an inverse relationship between the velocity of the water and the 
area of the bottle’s horizontal cross-section. 

Let’s assurne that at a given point in tirne, the velocity of 
surface of the water is u sur f(f) rneters per second. Therefore, in a 
period of tirne, At, the water level will drop h sur f rneters, where 

^surf = v Bxa f(t) ■ At 
(Distance = Rate x Time) 

Thus, the võlume of water that left the rocket, I4urf> is: 


Isurf — ^surf ' ^4surf(^) 
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Figure 13.2: Proving there is an inverse relationship between the 
velocity and area of the moving water 


Since this water had to go somewhere, it must have gone out of 
the nozzle, therefore there is now a võlume of water, V nozz i e , that 
has corne out of the nozzle. Assuming this water did not spray 
out, but stayed packed into a cylinder with the sarne diameter as 
the nozzle, this cylinder would have a height, h nozz \ e , of: 


^■nozzle — 


^nozzle 

^■nozzle 


Since h nozz i e rneters of water have corne out in Ai seconds, 
working backwards frorn Distance = Rate x Time gives us: 


^nozzle (t) — 


^■nozzle 

Ai 


Since we must have the sarne arnount of water at the beginning 
of the period Ai as we have at the end, 


1'surf — Pnozzle 



13.6. FORCES 


105 


Substitution yields: 


^-surf ' d sur f(f) 
^surf(^) ' Af ' d sur f(f) 


^-nozzle ' -4 n0 zzle 
Wozzle(^) ' Af ' ^-nozzle 


Cancelling out Ai from each side yields: 


^surf(^) ' d sur f (i) e t -| OZZ ] ( . (t) -^nozzle 


Therefore, we have an inverse relationship between the velocity 
and area of the moving water. 

v noZ zie(^) is the function which we are looking for. We will 
solve the equation in terrns of v S urf(£) so we can substitute later 
and get rid of the v sur f(t) term: 


V S urf(t) 


Uiozzle(t) ‘ d 


nozzle 


dgurf (t) 


Now, we are ready to calculate the velocity of the water leav- 
ing the rocket. We calculate this using Bernoulli’s Law, which 
says that at any point along the flow of water, 

1 2 

■p -\- d • g • h + -• d ■ v 

equals a constant. p represents pressure, d represents water den- 
sity, h represents height, and v represents the velocity of water. 
The first term accounts for the air pressure pushing against the 
water; the second accounts for the increased water pressure at 
the bottorn due to gravity; and the third term accounts for the 
velocity of the moving water. 

Using Bernoulli’s Law for the surface of the water gives us: 

1 2 

[-Pail-(t) -fatm] + ^water * [ögrav a(t)]-h 

water (*) + 2'° water * [fsurf(t)] = COnSt 

First, notice the first term subtracts the atmospheric pressure 
from the air pressure. This is because the force of the atmospheric 
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pressure cancels out part of the force of the air pressure. For 
instance, if the air inside was at a pressure of 15 PSI and the air 
outside was also at 15 PSI, no propulsion would result. 

Second, notice that the g, which represented the acceleration 
of gravity, has been replaced by [a grav — a(f)]. This is because the 
rocket is accelerating, so we must account for the added acceler¬ 
ation, a(t). a(t) is subtracted to rnake this value negative, be¬ 
cause of the “equal and opposite reaction” law—since the rocket 
accelerates upward, this creates a force which pushes the water 
downward. 

Using Bernoulli’s Law for the water in the nozzle gives us: 

2 ' P water ‘ [Tnozzle(P] — COnst 

Notice that the first term disappears because there is no pres¬ 
sure acting on the nozzle (We took care of the atmospheric pres¬ 
sure when we subtracted it in the previous equation.). The sec¬ 
ond term disappears, because height is relative to the bottorn, 
therefore the height for this equation is zero. 

Since the constants must be equal, we can set these two equations 
equal to each other: 


[-Pair(i) - P atm ] + -C^water ’ [&grav - O(t)] • ^water (P + 

T 2 ' P water ' [^surf (P] = ^ ' P water ' [^nozzle (P] 

iearranging yields: 

2 ’ Pwater ' |pnozzle(P] 2 ' Pwater ' [^surf (t )]"" = 

— -Piir ( P Prl tn T Pwater ' [ögrav ®(P] ■ L water (P 


P 


water 


^ [^nozzle (^)] [^surf(^)] 


— P iir(^) -fatm -^water ’ [^grav &(^)] * ^water(^) 
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Substituting for u sur f gives us: 

f -D-wa ter \ ( r /+\l2 [-^nozzle (0] ' [biiozzle(^)]^ \ 

{—J l lwi * (i)l -PülwP-J = 

= fair (t) ~ -fatm ~h -Dwater ’ [&grav * ^water(^) 


Factoring out Kozzle(^)] 2 - 

w 2 (^r) (‘-te)’)- 

= -^air(^) -fatm H“ -^water ’ [^grav &(£)] * ^water(^) 


Solving for v n ozzle(t): 

^nozzle(^) 

1 


2 [Pair(t) - -fatm + -D wa ter ’ [^grav - a(i)] • h water m 


D 


water 


i - 


( ^-nozzle \ 

^4surf / 


Unfortunately, we’re not done yet. We have only calculated 
the velocity of the water being expelled through the nozzle. We 
have not yet calculated the võlume during the tirne period A t, 
or the resulting force from expelling the water. 

Calculating võlume is easy. (Anything is easy after calculat- 
ing the velocity!) We sirnply assurne the water fits into a cylinder 
the size of the nozzle. Using Distance = Rate x Time, we get that 
the height of water, /i e xpeiied(t)> expelled during At is: 


77expelled(l : ) — ^nozzle (^) ‘ Ai 

Once we have the height of the cylinder, we calculate võlume by 
multiplying the height by the surface area of the base: 


bexpelled(^) — ^expelled (t) * -^nozzle 
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Next, we convert võlume of water info mass: 


m-expelled(^) — lexpellcd(t) ' D 


water 


Finally, we calculate the resulting propulsive force (F prop (t)) cre- 
ated by expelling m eX peiied(f) kilograms of water at a rate of 
Unozzie(^) meters per second: 

Pprop(t) — Hlexpellcd(^) ' lliozzle(t) ' At 


13.6.5 Air Puise 

In addition to propulsion resulting frorn the expulsion of water, 
there is also another type of propulsion that the simulator does 
not consider: the release of the remaining air pressure after the 
water is gone. The “air puise,” as it is called, adds a small arnount 
of thrust to any rocket launch—a rocket with no water will even 
go 10 to 15 feet in the air. An instantaneous acceleration could 
be added to the thrust for the tirne period, At, that this air 
puise occurs. Another possibility to explore is the derivation of 
an actual formula to calculate the thrust resulting frorn the air 
puise. Although we will not go into it here, rnore information on 
the air puise is available on the Internet. 

13.6.6 Parachute Drag 

Parachute drag is calculated in the sarne manner as rocket drag, 
except it is typically in the opposite direction: 

j-, / ,\ _ _|_ Fpd • Da,tm ' ^4parü(t) ' [vit) + Uupclj-aft] 

-Tpar \t) — ± ~ 

Like rocket drag, you must look at u(t) + u up( jraft to determine 
whether this is a positive or negative force. 
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13.7 Conclusion 

Simulators are a great tool for developing rockets, because they 
allow you to test modifications in seconds, without spending the 
days required to do actual testing. The simulator covers sorne of 
the rnost important forces, but it does not cover every one. There 
are stiil rnany rnore factors that could be taken into consideration 
by a simulator, such as wind, air puise, fin drag, stability, and 
bottle shape. 
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Appendix A 

Water Markings 


Since simulators can teil us the optimized water level for a partic- 
ular rocket, we need a way to accurately measure the water in the 
bottle. The diagram below shows the standard water markings 
used on the pressurized bottle: 



Figure A.l: Standard Water Markings 

Notice that the markings have diagonal symmetry—when the 
bottle is turned upside down, the markings stay the sarne. This is 
important, because sometimes water is measured when the bottle 
is right-side-up (while putting the rocket on the launcher); other 
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times it is measured upside-down (while filling with water). This 
allows you to use the same water markings, no rnatter what type 
of launch set-up is used. 

Since the markings are symmetrical, only one set is used at a 
tirne. The side on the right (which is always at the bottorn) is the 
side that you will use. The lowest line represents the 30% water 
level for the bottle. Above it is the 40% water level. The top line 
(the longest one) is the 50% water level. All water levels are 
measured from the true võlume of the bottle, not what 
the bottle is märked as on the shelf! 

The following chart lists water markings for typical bottles. 
All measurements are in centimeters, and are measured from the 
bottorn ring of the mid-section of the bottle. 


Bottle Type 

Võlume 

30% 

40% 

50% 

60% 

70% 

1-Liter Poland Springs 

1.10 L 

2.5 

4.0 

5.5 

7.0 

8.5 

2-Liter Coca-Cola 

2.19 L 

3.0 

5.0 

7.0 

9.0 

11.0 




Appendix B 


Stability Markings 


Just as we can mark water levels on our rocket, we can also mark 
the stability. Stability markings are helpful on a rocket, because 
they allow you to change parachutes or other mass inside, with- 
out häving to do the rnath or using a Computer simulator to 
recalculate the stability. Here’s a typical nrarking systern: 


Figure B.l: Typical Stability Markings 
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The bottom line indicates the center of pressure of the rocket. 
The lines above it mark the center of gravity locations for 0.5, 
1.0, and 1.5 calibers of stability. Renrember, the distance between 
the center of pressure and center of gravity of a rocket with 1.0 
caliber of stability is equal to the dianreter of the rocket body. 

With stability nrarkings, testing your rocket for stability is 
sinrple. Pack your parachutes and any other parts of the rocket 
as if they were ready to fly. Then, try to balance the rocket body 
on the side of your finger. The point at which the rocket balances 
is the center of gravity. Use the stability nrarkings to deternrine 
your rocket’s stability. 



Appendix C 

Rocket Material Weights 


In chapter 5, we looked at how to calculate a rocket’s stability 
by using the plans, without actually building the rocket. To do 
this, you must first know the weight of the materials you are 
going to use, so you can accurately estimate the rocket’s center 
of gravity. The values on the following pages contain weights of 
sorne cornmon materials. 


C.l Bottles 

The following table lists the mass of sorne 1 and 2 liter bottles. 
These values should be used for estimating the mass of the pres- 


surized bottle of the roe 

ket: 

Võlume 

Brand 

Mass 

1 L 

Poland Springs 

37.8 g 

2 L 

Coca-Cola 

48.6 g 

2 L 

Publix 

50.2 g 

2 L 

Sam’s Choice 

51.1 g 


For other parts of the rocket, which are made frorn pieces of 
plastic bottles, but not necessarily the whole value, we must look 
at the weight of each particular section of the bottle. For strength 
reasons, the plastic of the bottle varies in thickness. Typically, 
the neck and the base have the thickest plastic, while the flat, 
middle section is made of thinner plastic. 
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10.5 g 

7.6 g 


17.1 g 


13.4 g 


FigureC.l: Weight breakdown of 2 liter Coca-Cola bottle. (Total 
weight: 48.6 g) 


If you are using the flat, mid-section frorn a bottle as part 
of your rocket, you can estimate the weight of it by using the 
following values: 


Võlume 

Brand 

Mass by Surface Area 

Mass of Ring 

1 L 

Poland Springs 

460 g/m 2 

1.2 g/cm 

2 L 

Coca-Cola 

350 g/m 2 

1.2 g/cm 


You can either use the values in the third or fourth columns, 
depending on how you measure your piece. If you know the 
surface area of your piece, convert the value to square rneters, 
and multiply by the value in the third column. If you are cutting 
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a ring frorn the mid-section of a bottle, sirnply take the height, 
in cm, and multiply by the value in the fourth column. 


C.2 Balsa Wood 


Balsa wood varies in weight, so to get an accurate value, you 
must weigh the wood before you use it. The following chart lists 
common ranges of the weight of balsa wood: 


Thickness 

Mass 

1/32” 

1/16” 

3/32” 

50 - 150 g/m 2 
150 - 300 g/m 2 
300 - 600 g/m 2 


C.3 Tape 


Always use a light tape such as packaging tape when attaching 
rocket parts. Other tapes may be stronger, but are not necessary, 
and add excess weight to the rocket. 


Tape 

Mass by Surface Area 

Mass by Length (2” Width) 

Packaging Tape 

60 g/m 2 

3 g/m 

Duct Tape 

200 g/m 2 

10 g/m 

Aluminum Tape 

300 g/m 2 

15 g/m 


C.4 String 

Sorne type of string is needed for parachute shroud lines. Look 
for shroud lines that are light, but also very strong, as you can 
see in the chart below. Dacron weighs only slightly rnore than 
regular cotton string, but it is rnuch stronger. 


String 

Strengtli 

Mass 

Cotton 

Dacron 

5 lbs. 

30 lbs. 

0.16 g/m 
0.18 g/m 
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C.5 Other Materials 

Here are sorne typical values for other materials that you may 
use while building your rocket: 


Material 

Mass 

Cardboard 

Dry Cleaning Bags 

500 - 800 g/m 2 
15 - 25 g/m 2 




Appendix D 


Parachute Materials 
Chart 


This chart lists approximate thickness and density values for 
common parachute materials. The formulas for calculating a 
parachute’s size and mass using these values were shown in the 
chapter Elliptical Parachute Algorithms. 


Material 

Thickness (cm) 

Density (g/cm 0 ) 

Plastic (Small Dry Cleaning Bag) 

0.0021 

0.730 

Plastic (Large Dry Cleaning Bag) 

0.0031 

0.730 

Tyvek (Priority Mail Envelope) 

0.0188 

0.342 
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Appendix E 

Further Reading 


The following Internet sites are filled with great infornration on 
water rocketry: 


Baals Wind Tunnel 

http://ldaps.ivv.nasa.gov/Cumculum/trmnel.html 
A sinrple wind tunnel that can be built for under $200. 


Clifford Heath’s Water Rockets Page 

http://www.osa.com.au/~cjh/rockets/ 

A sinrple water rocket sinrulator, pius lots of great water rocket 
links. 


Dave Johnson’s Water Rocket Annex 

http: / / www.geocities.com / CapeCanaveral/Lab /5403/ 
Originator of the Airspeed Flap. 


Paul Grosse’s Water Rocket Index 

http: / / omworld.compuserve.com /honrepages / pagrosse/ 
h2oRocketIndex.htm 

A large site containing various infornration on water rockets. 
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VCP CP/CG Stability Calculator 

http://www.impulseaero.com/Software/VCP/index.html 

The best program for calculating stability using the Barrownran 

Equations. 

Water Rocket Equations by Den TAP 

http: // www.fortunecity.com /tattooine / cluster /145 / rocket / 
theory/contents .htnr 

A great site, containing nrany of the equations nrentioned in the 
Simulators chapter. 



.... Composite Rocket Fuels .... 


1.) Introduction 

Composite propellants are solid rocket fuels that are composed of separate 
fuels and oxidizers mixed together in one homogenous mass. This propellant 
is then either molded into a grain to be inserted in an engine or east in an 
engine casing and left to harden. The fuels and oxidizers taken separately 
are generally unreaetive. Composite propellants are used in a number of 
engines. There are engines that use water for fuel and an oxidizer, air for 
an oxidizer like a ramjet, and a liquid/solid engine that can be throttled. 

The rocket motors diseussed here a best built by the amateur with propellant 
weights below 2 lbs. and preferably under 1 lb. This is stiil powerful enough 
to shoot a sizable rocket to well over 4 miles altitude. 

Before I get into propellant mixtures a few terms to leam are: 

Specific Impulse - Defined as the impulse (force * time) delivered by 
burning a unit weight of propellant in a rocket engine. 

Võlume Specific Impulse - The produet of specific impulse and density. This 
is expressed in pound-seeonds per cubic inch. 

If the propellant's weight is kept constant, a 
propellant with a lower Isp but a higher density 
may outperform one with a greater Isp but a 
lower density. 

Specific Force - This is a measurement of the ability for a gas to perform 
work. Specific force (F) is expressed in foot-pound per 
pound. 


3.) OXIDIZERS 

Composite propellants contain both an oxidizer and a fuel. The oxidizer may 
be a monopropellant and as sueh contributes power to the propellant mix. 
The ideal oxidizer should deeompose into totally gaseous exhaust. 

Oxidizers used in composite propellants : Potassium perchlorate (KC104). 
Potassium pechlorate was one of the first used oxidizers. One of if s draw- 
baeks is the produet of deeomposition ( potasium chloride ) is not a gas at 
regular temperatures and does not contribute as a working gas. The KC1 
appears as a dense smoke in the roekets exhaust. Buming rates of propellants 
made with KC104 are usually high at 0.8 - 0.9 in/see at 1000 PSI. Densities 
of fuels made with KC104 also tend to high at 1.8 - 2.0 gm/cc. Specific 



impulses are usually below 200 lb-sec/lb. Potassium perchlorate is hardly 
ever used im modem propellants. 

Ammonium Perchlorate NH4C104. This is the oxidizer of choice when possible. 
The products of diassociation of NH4C104 are 100% gas. The specific impulse 
of propellants using this oxidizer reaches 250 lb-sec/lb. Depending on the 
percentage of NH4C104 the burning rate may reach or exceed 0.5 in/sec. The 
products of exhaust are N2, CO, C02, H2, H20, and HC1. The HC1 may põse some 
problem if the engine is used in high humidity as the HC1 vapor may form 
visible hydrochloric acid fumes. 

Ammonium Nitrate NH4N03. This oxidizer is useful as it is usually available 
in bulk weight. The products of disassociation of NH4N03 are 100% gas. How- 
ever the temperatures produced by the propellant are low. For this reason,the 
specific impulse of NH4N03 propellants are usually no greater than 180 lb-sec 
/lb and low percentage propellants have an Isp of 75 lb-sec/lb. The products 
of exhaust of NH4N03 propellants are N2, CO, C02, H2, H20. These gases cause 
no special problems. The buming rate of NH4N03 Propellants are low, ranging 
from 0.05 in/sec to 0.27 in/sec. The higher burning rates are possible if 
catalysts are used in the propellant. Prussian blue, chromium compounds 
(ammonium dichromate), or cobalt compounds are catalysts that are used. 
Ammonium nitrate is hygroscopic and undergoes a phase change if the temper- 
ature goes above 90 deg./F. Because of this phase change, some grains may 
crack if the temperature cycles about this temperature. The burning temper- 
ature of NH4N03 propellants are lower than any other propellants especially 
at low percentages of oxidizer. 

Lithium Perchorate LiC104. Some work has been done using lithium perchlorate 
as an oxidizer. The lithium chloride formed in the exhaust is a gas at high 
temperatures. Lithium salts are hygroscopic and must be protected from high 
humidity. Burning rates of LiC104 propellants are similar to KC104 mixtures. 

4.) FUELS 

Fuels Used in Composite Propellants : Since most rubbers and polymers are not 
available to the general public, some adjustments have to be made. A good 
source of plastics is an auto supply store. There you can find epoxy resin 
which can be used as a fuel. You will also find fiberglass resin. This is a 
liquid made from polystyrene and polyester resin. It is catalyzed with a few 
drops of hardener. PVC plastic can be dis solved in tetrahydofuran to make 
a thick paste. This can be mixed with an oxidizer and allowed to dry for an 
extended time to form a propellant grain. Asphalt was used in some JATO units 
about 30 years ago but it was found lacking when used at high temperatures. 

Some fuels used in commercial engines are polyurethane rubber, polysulfide 
rubber, and butadiene-acrylic acid. Non ferrous metals are added to propell¬ 
ants to increase the temperature of combustion and consequently the Isp. The 
metals most used are aluminum, magnesium, and copper. The metals are usually 
added in amounts of 5% - 25%. In engines designed to breath water as an oxid¬ 
izer, metal amounts to about 50% to 80% of the weight of the propellant. The 



other components are usually ammonium perchlorate and a polymer. 

Propellant Grain Geometry : If the grain is ignited from end on, like a 
candle bums, the thrust will be steady or neutral. If the grain has a hoie 
in it extending end to end and the combustion takes place from the inside out 
then the thrust will rise to a peak or be progressive. This is because the 
surface area of the grain becomes greater as it burns whereas in a neutral 
grain the surface area remains the same. A cruciform shaped grain produces a 
large amount of thrust first then tapers off because the surface area becomes 
smaller. If the grain is tubular and the combustion takes place from both the 
inside out and the outside in, then the thrust will be neutral but fast 
buming. 

Wherever you wish the grain not to burn, it must be coated with a retardent. 
Epoxy works well as a retardent as does Elmers white glue. At least two coats 
of retardent should be used. An epoxy retardent can be used to retain a grain 
in a rocket engine. When tubular grains are used, the igniter is usually put 
towards the nose of the rocket and fires backwards towards the nozzle. This 
insures the grain is ignited completely. 

Inspect the propellant grain for any cracks or imperfections. A crack can 
cause the surface area of the propellant to increase astronomically. This can 
cause an explosion because of the increased pressure. 


5.) PROPELLANT MIXTURES 

The ratios of oxidizers and fuels depends on the type of engine desired. The 
amount of oxidizer can be as high as 90% as in some ammonium nitrate mixes to 
as little as 20% ammonium perchlorate as in some water breathing engines. 

A fast buming mixture: Potassium Perchlorate 20% 

Isp=200 Ammonium Perchlorate 55% 

Epoxy Resin/Hardener 17% 

Powdered Aluminum 8% 

This is very fast burning but the exhaust makes a fairly heavy smoke. 

A slow burning propellant. Great for sustainer engines. 

Isp=165 Ammonium Nitrate 70% 

Ammonium Perchlorate 10% 

Polyester Resin 18% 

Powdered Charcoal 2% 

Not very powerful but useful. The charcoal helps keep the combustion steady. 

A very powerful mixture: Ammonium Perchlorate 75% 

Isp=250 Powdered Aluminum 10% 

PVC in THF 15% 

All the ingredients should be dampened with THF (tetrahydrofuran) before 



mixing. Do this in an area with very good ventilation and wear rubber gloves 
to keep from contacting the THF with bare skin. This mixture is best used in 
a perforated grain to help the solvent evaporate. 

An ammonium nitrate based propellant: Ammonium Nitrate 70% 

Isp=160 Powdered Aluminum 5% 

Polyester Resin 18% 

Ammonium Bichromate 5% 

Powdered Charcoal 2% 

A good mix when perchlorates are not available. 

Do not under any circumstances use chlorates for rocket propellants. You will 
not make a rocket, just a pipe bomb with fins. 


6.) COMPOUNDING PROPELLANTS 

One thing to keep in mind when making a propellant, the võlume of fuel/binder 
to võlume of oxidizer and additives must not be too low. If it is then the 
mixture will be too dry to mix well. It will also hurt the strength of the 
grain. You may have to cut down on the amount of oxidizer depending on the 
fuel you are using. 

Lor rockets weighing 1 pound and less the easiest way to make the propellant 
is to obtain a suitable Container for mixing and put in the bottom of it the 
correct amount of fuel/binder. The other ingredients are added one at a time 
to the fuel and mixed in. One thing that really determines the success of a 
propellant is the partide size of the oxidizer. It should be as finely 
powdered as possible. Continue mixing the propellant until it is a homo- 
geneous mixture. Now pour it or stuff it into the engine casing taking care 
to eliminate all air bubbles. Any mandrels needed to form the grain to shape 
shpould already be lubricated for release and in place. After waiting a suit¬ 
able time for the binder to harden, remove the mandrels and place the engine 
in a warm place to finish curing. Inspect the grain for any cracks or imper- 
fections. 

Some large propellant grains are constructed by cementing smaller grains to- 
gether. Disks of propellant can be glued and stacked to form a lõng grain. 

The disks can be drilled with a number of holes to make a progressive or 
regressive buming grain. The holes are lined up when the disks are stacked. 

If you construct a press with a number of guide rods to match the drilled 
holes, so much the better. The cement can be a very thin layer of the polymer 
used to make the grain. If you are using a PVC based grain, then dampen both 
mating surfaces with THE and press them together for a minute before adding 
the next disk. 

You can also load a cardboard casing with the propellant. After the prope¬ 
llant is cured, this cartridge is loaded into the engine. 

When drilling these propellants or using any power tool for shaping them, use 



the lowest speed while checking to make sure no heat is building up on the 
cutting surface. If care is used, machining propellants is safe. 

7.) ENGINE CONSTRUCTION 

The typical engine is designed to operate at 1000 psi. The casing of the 
engine should be able to withstand at least 3000 psi as a safety factor. A 
low carbon seamless Steel tube with 1/16" walls can withstand that sort of 
pressure. If the tubing has a welded seam, test fire a few engines to see if 
the tubes can take the pressure. One drawback to using Steel as an engine 
casing is if the engine explodes you have some very lethal shrapnel flying 
around. If you use a high strength/high heat plastic you can eliminate some 
of this danger. Epoxy can be used to wet down a mat of fiberglass then the 
fiberglass is rolled around a large dowel to form a casing. The dowel has to 
be coated with a lubricant to keep the epoxy from gluing the casing and 
dowel together. Or you can obtain a heavy cardboard tube with the correct ID 
and coat it with epoxy then wrap epoxy/fiberglass around it. If the tubes are 
constructed properly they can take quite a bit of pressure before splitting 
apart. 

An rocket engine is equipped with a nozzle to accelerate the exhaust out of 
the rocket at a high velocity. A nozzle has a convergent section that does 
this. A divergent section of nozzle is used to lower the exhaust pressure 
so the exhaust gases accelerate out of the engine at high speeds. 

The nozzle of the engine can be machined out of metal or made of a fireproof 
ceramic. If the nozzle and the casing are metal, they can be brazed together 
before the engine is loaded. The nozzle can also be screwed into place by 
using 4-6 screws going through the side of the casing into the nozzle. Care 
must be used to see that the screws don't break through the inside of the 
nozzle. On smaller rockets, you may be able to get away with plaster of paris 
nozzles or for more powerful motors try pressing a mixture of 90% kaolin and 
10% aluminum oxide into a nozzle shape in the casing. Dampen the mix with a 
little water before pressing. You can make a nozzle die by tuming 2 pieces 
of hardwood into divergent/convergent sections. This die should be fitted 
with a dowel guide pin at the mating points to help keep the die straight. 

A nozzle can be made from just a divervent section. This can be easily made 
by drilling the required hoie in a section of nozzle. Then by drilling out 
the first hoie with larger drills without completely breaking through, a 
diverging nozzle is formed. Smooth out the ID of the nozzle after drilling 
the holes. This type of nozzle is pretty good on smaller engines with a 1" ID 
or less. By using some ingenuity, you should have no problem in making a 
servicable nozzle. A ruie of thumb to use for the ID of the nozzle is to use 
a hoie that has an area (repeat-area,not diameter) 1/3 the area of the ID of 
the rocket engine casing. 

Most propellants burn unsteadily at low pressures. Solid rocket engines are 
equipped with a blast plug that allows the pressure to build up in the engine 
before being blown out like a cork in a bottle. Sometimes the ignitor is 



combined with the blast plug in a single unit. A stiff plastic disk makes for 
a good plug. It should have a thickness of about 1/16". 

The engine is sealed with a plug in the fore section. Depending on the con- 
struction of the engine this plug may be made of wood, plastic, or metal. It 
is held in place with either screws or epoxy. This plug must make the casing 
gas tight. Remember most rockets develop 1000 PSI. 

The ignitor is simply an electric match. It can be made with nichrome wire 
or a small light bulb. The match is used to ignite a small charge of black 
powder that in tum ignites the propellant. The ignitors leads should be 
shunted together to eliminate premature ignition. A fuse can be used instead 
of electric ignition. If you go this route, be sure of the buming time of 
the fuse and allow yourself enough time to retreat to safety after igniting 
the fuse. I cannot recommend using a fuse because you cannot stop a fuse 
from burning if someone walks into your launch area. With electric ignition, 
everything is under your control until the time of launching. 

8.) Engine Design 

It would be nice to be able to give you the complete info on designing 
rocket engines. However, the required math would be a file about 300K in 
length. Also this file is mainly about propellants. The other info is gravy. 

The best I can offer is to check out your local library for design 
and engineering books. If you want to build a rocket to simply shoot off to 
stroke your pyro perversions, build a small engine containing no more than 
4 oz. of fuel. Use a paper casing to keep the danger down and chances are 
very good that if your construction is sound you'll get the thrill of seeing 
your rocket go out of sight. If you plan to hoist a payload into suborbital 
projectory however, leam about thermodynamics, interior ballistics, and 
propellant chemistry. 

I recommend trying to get the book Amateur Rocketry Handbook. This 
book is out of print but it was put together by the Fort Siil Artillery 
School and contains a lot of valuable info. 

9.) Testing and Firing 

You should construct a few engines exactly the same and test fire a 
number of them to find out what to expect when you finally do launch a rocket 
. The engines can be buried nozzle end up in the ground and fired. Time the 
buming of the engine to figure out the rate of combustion of the propellant. 
Inspect the casing to see how it stood up. If everything seems okay you can 
construct a static testing fixture to measure the thrust. Keep in mind that 
even a small engine can put out a few hundred pounds thrust for a split 
second. When you do launch a rocket, keep people away from the launch site 
and under cover. Check out the skies for airplanes or other traffic. Don't 
launch rockets under conditions of low visibility or heavy winds. 
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Improvised roeket motors provide a simple means for 
irregular forces to deliver military payloads to ranges beyond 
individual händ weapons withoul eomplicated launch means. 
Improvised roeket teehniques can be exploited to inerease 
the firepower and effeetiveness of guerrilla-type forces. 
Häving the great advantage of Poi requiring heavv launching 
equipment, sueh as conventional mortarsand artillery pieces, 
roekets are aptly suited to the characterislics of operations 
and capabilities of irregular units whose weapona must be 
concealed between use and whose transport and logistics 
means are restrieted to that comrnon to the area of opera- 
tions. 

The advantages of an improvised roeket munition are: 

A. Reeoi Hess o peration, 

B. Bimplified launching teehniques and apparatua. 
(A mound of dirt may suffice in the simplest case.) 

C. High degree of mobility. (Only the payload, motor 
and ignition device need to be earried.) 

D. Mtuiitions can be fabricatod from materials available 
from the environment or the loeal eoonomy. 

E. Unskilled labor can iie uged for manufaeturing 
operalions. 

F. The identity of the manufaeturing ef fort can be easily 
concealed. 

1 his report will mvestigale a system using and providing 
the following features: 

A, Use of eommon materials for construction (pipe, pipe 
caps and nipples; saltpeter and sugar; wooden dowel, 
et eetera). 
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11. Techmeal Discussion 


K. Reet niieks, f lašh less p e rforman ee. 

C. Adiiptahilily Lo ü widft speclrum of payloads and 
ranges, 

I). Suilable for a varieiy of ignition means inehiding 
powder t.rain, hoi wire, hlaid.irig fuse or homemade 
fuse. 

E, Capability of being fired remotely or with a mininuim 
of 20 sccorulsdelay for operuLcir seeurity. 

t*, Capability for irssi-anlaneous firing of muliiple round 
salvos or smgle rounds (for harassmont or ranging), 

O, EsiabÜslunent of a relalively “standard” roeket 
carrier design, detemnined from the materiiils avail- 
abk: in ihe pailicular area, (This will sunplify the 
ballislics and provide the Forces with a predietabk: 
weapon.) 

SocLion II, “TechnieaJ Discussion”, deseribes the analysis 
and design approuch lo be used in providing tbe impmvised 
harduvate. IL ;dso on tiin es the problem annis and conädwr- 
alions in pr o vidin g reasonably naelu! mumtions in a surn-pL.- 
tious fahriraLion sitoat-ion where quality eontrol and manu- 
fael.uring proeesses miht be aeromplished with on t tooJs other 
tban common händ tool 5 and “eye ball” insl-rumentation. 


a. backcroi;md 

In t.he period 1 047 lo 1S)F>7. a liirgc number ofnnrialenr 
röökel experimenieri were engaged in tht* manufacLure and 
testmg of nidimentarv roekets. By 10'17, the information 
from the World War II roeket technnlogy begnn to beeonie 
doeumeuled and dissemirml.ed, ea tehing Uu* i mag: nali'>:i and 
in tere sl of nmiiv young ex p<? r i men te r,->. Ih. ese petsons, work- 
ing alonc or banding into groups, produeed many haaardous, 
and even lethal, roeket propellnd missile;. l.inforlnnately, tbe 
haxardous nal.um of ihe propel kints se leeted, su eh as niaU'li 
heads, shotgun sh ell powder. and bome-brewcd mixtures of 
VOlatile and inflaiiimable malerials, proved ruore dangertnis 
in tbe b aseme nt or garage laboratory than on the firing range. 
Tlie kirge number of injurie; from tbe uneonlmlled expeh¬ 
memat ion led to many loeal ordinanees and laws p rohib iii ng 
ihe sale of eorlain miit.eriaks and also restrieiing tbe firing 
aetivities lo are ai where adequate .super Vision could oe 
providtnJt. 'Ihi.s geueral awareness of tbe ha/.ards of roekei. 
experimer.ts began about- 19Õ7, evidenced by the American 
Hõikel Koeiely üdopting ml offieinl organ ixalional position 
oppoting amateur ex porini entation outside of qualified 
supervision, In spil.e of Ihe resfriet.ions, Ihe expiMimenters 
stiil f'ound eo niin on materials whieh eo uid be adapled ta 
praduee roekel. hardware, 

During the deeade of more or less widespnmd atnaleur 
experimenlation in roeketry, many combinations of propel- 
lant formulntiori.s were maile and tested, Ingenious experi- 
menters devised wavs of extracting niirate.s from the ebeap 
and read i Iy availabIc 1 1'crtiIj <w*rs )i avin c this compound Mixing 
ihis souree of oxygen wilh various fuels provided very' 
adequate roeket propellants. One of üie malerials found lo 
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oi' rendily accessible was sugar. A Mrcxoso-potassium njtrato 
lurmuiation provides a sp<vii'i<: impulso (as derived from 
ba.iisuc bomh <biU0 of ai toul. T 30 - 1 10 seeonds, In actual 
ronk nt moLor pei lormsim'* cm ih* order of 105 seeonds is 
readily aitainable. Illis rompaevs witii an I ä of 200 for M-7 
propellant, currently i n w : d c n se in mi I i lary roe keis. 

In pre päring ihis book s« tv eral pipe roekets were assem- 
hU'd and leeted against woodeti targeks at abort range, de- 
monstratina thc i leasibiliiy of i-h«* pmpellimi- and body 
sl.ruct uiv. 

ThU šUidy propo&es sueroae-potassium nitralt! fortheim- 
provisetd rockei pmpeüaii;. Kolb üiese maierials can be 
oblained in most of the world. partimhirly in thosc arcas 
vvhftrr in surgeoey operatiems are mu.4 probable. These 
designs for an improvisnd roiket. vviö mneentraut on this 
propellant mixt-ure as the "standard." 

In providing an imprnvigi-rl nui nilbem of ih is lype, tilis 
sindy w iil give aliention lo ihe following area.-.: 

A. Prope Ilani gvain formulalion and i-onfiguration. 

li, Grain mata Hali on in roo kel. body for imegriiy in 
rougli handling, siorage life expeclancy and reli- 
ahililv in handlitlg. 

C. Assussrueiil of enviroiimenia! effeets sudi as opera- 
ting lemperature ranges for vurinas passiblo gvo- 
grapbical arcas. humidiiy and fungus. 

D. Safety. 

E. Training. 

i. Effeels of variations in maierials of construction 
on salety and performance. 

G. Securiiy Aspeels 

Means sh on Id be provuind to coneeal the irue nature 
of the* iie ms heing fabricated, 

II. Launchmg preparalion should iie simple aHowinfS 
rapid sedap and firing. 

I. Signature elTeels at ihe talliu'h site should be mini¬ 
tornil. 


J, Iligh reliabilily of operation should be obtained to 
avoid problems of disposal of duds. 

Our effort will provide: 

A. Specific hardware designs and sample protolype unils 
of rock et motors of simple design comstru eted from 
common matena!» sueh as would be readily availuble 
to gucrrilla-type forces. 

B. Generalized design guidance for instruetion of guer- 
rilla personnel in the consiruetion of improvised rock- 
ets, including safety preeautions. 

C. Descriptions of firing proeedures, including rudi- 
mentary ballist! es and fire control under probable 
conditions of use. 

D. Investigation of reliable ignition methods. Aiso, 
means for ignition of the improvised roekets for firing 
individual rounds and salvo or rippie firings of multi- 
ple rounds. 

K. Eeport of effeels obtainable from the improvised 
rounds, including: range, payload, probable disper- 
sions under standard and non-standard c:onditions and 
possible type payloads, 

F. Prediction of degradalion in pcrformance from 
optimum due to fabrication variances, maierials 
impurity, field handling, storage and environmental 
conditions. 

B. DESIGN CONöIDERATIONS 

1'his study’s proposed design will be based upon roekets 
using maierials obtainod from normal agricultural, con- 
struetion or commercial sourees. Referring to the early work 
donc by the amatuer groups in the practical application of 
rock et design theory to their Hardware, their experience indi- 
cates that some experimental verifieations and detail ing is 
required before scale-up of their small diameter roekets (’A 
to y* ineh water pipe bodies) to militarily useful diameters 
{minimum of 2 inches). These indude: 
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A. Longib lo Diuxneior (l./Dj Kaiio 

A corlain ma virnu vn (1,/D) ratio cannot be evcceded 
vvithoul geiienrlion oi' oxcossivo ehani bor pressures, 
whii-h i ;m rupuiro fhe chiimbor wall. 

B. Propellant “Watenng” 

A eertain eontent of watcr is necessary lor officierit 
performanoo. This has hoon reformi lo agan "aid lor 
compaetion” by some atr.alour groups, buf Ihe real 
moclutoism alTeot-ing performanec must ix- detõe¬ 
ni ii ted, 

C. Fo rt Dia m r ter to N o z 7 .) e Diametcr 

The usual ruie, ihal. 1.1 10 port nrea musi be two to 
threc tiines Iho ll07?lo aiva doos nt>i soorn lo hoid 
rigorouily lor t-lic- raliier soft. crodible grain formed 
hy KNOipsugar. Thissboold ho imest: gated. 

D. LITecl ive Burning Arm To Tl 1 mul Aroa (K n ) 

Altempv h ave benn made hy tlm arrialoors t.o f-õrrel- 
ut.o varioLis workirig goorneines by K n . .AltempU 
indieated Ihal a orui>alde rrass-aetion or pcrmcable 
bnming efieet- maki-, this rclalipnship 11 ot- vvholiy 
si.raiglilforward. This v.ill bavo to bi: defini!.;zed 
bofore rnoiors Lirger ihan two inulles ean be designed. 

l>ai<i is ori händ Iroitt the lirings of ovor a thousand 
rooketi a»sembled and fired by <1 grnup oi privale experi- 
mnnlers eomprising a röökel, research assoeintion. now dis- 
baiided. This grou p ; a11 hough u »ine yu dimentarv materiaIs for 
construi-iion, main lained iheir reoords of fubricatiou and 
l.esl ing in a prolossbinal mannr.tr and in suffident detail to 
!Vpr<>dui.-e :heit designs, The huik of the (morrt thiui a tliou- 
sandi nnilft px-parad by this group were rock e ts fashiüned 
front lindani .'j iuch and 14 inrh pipe. Ii is believod that 
similar degigns can be sealed uptvard 10 prcivide roekets 
oi iwn im-li dia mritr.tr häving a maximum range of T,000 
mt-ier> esirrying u one pound payiond, or eorrcspondjnjjjy 
dmrter rail aos fov an.ater su cd oavloada. 


C. IIESIGN CONFrGUHATlON AND PERFOüMANCE 

A “.62 standard" (.62” is the inner diameter of common 
Vi imeb water pipe) motor has beon fabrieaUtd arul test units 
fired with piezo-elocttic gauges altached. Rurning t.imes are 
much shorter and thnrst levels higher t-han perform ance of 
the propellant in amateur testing has indieated. How r ever, the 
totul impulsi? seems to agree quile w«ll. On the basis of these 
tests, a set of eurves was drawn to show payload deliverv 
oapabilities for the “.62 standard” and ako a “.82” motor (% 
incli pipe). These eurves are shown in Figure 1,* 

A one pound payload, as an example, can be projeeted to 
600 feet. with a ,62 motor and more than 1,500 feel with a 
.82 motor. Extrapolating to a two inch pipe motor gives a 
range of nearly 12,000 feet for a one pound payload. 

A conceptual drawing of an improvised roeket motor 
embodying the coneepls outlined in this proposal is shown 
in Figure 2. 

Figure 3 shows the proeedure for loading KNOy/sucrose 
propellant. After eompaeting the grain with the hollow 
lamper, the manrlrtd (dowel) is reimivwl to Inave the perfor- 
ated grain. 

D. DFVELOPMENT PROGRAM 

In providing an improvised roeket coneept, this study 
proposes: 

A, Examination of Basic design models to establish 
definitive eriteria involved in predietable sealing of 
motors to meet variable diamei.ers and character- 
isties of possibie body construetion materials. 

B. Performanne of testing to vaÜdate and formalize 
the sealing laws. 


* Although pipe sfzes in a given area of employment may 
not be identical with standard U.S. pipe dimensions, 
performance »hould be comparebie. 
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RANGE {FEET) AT 45° LAUNCH ELEVATION 
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ARrc.LOS-.-t fMPROVISED ROCKET MOTOR 

, Figure 2 








LOADING TECHNiQUE 
For Improvised Roeket Motor 





Figure 3 
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C. Design and development of a typical improvised 
roeket molor suitable for construction by unskilled 
persoonel using eommnnly avallable materials and 
tools, 

D. Fabrieation of 6b cach prototype pipe-bodied roekets 
(all louded with KMOg/sugar propellant). of ihe 
foUowing pipe sizes: 

1/2 inch 
3/4 inch 
1-1/2 inch 
2 inch 

b. Test firmg of the above irnit-s, expending 2õ of each 
type in staiic test-s for ch ar aeteriza L i o i i. ah t J 40 eat:h in 
payload versus range Lests, with 1/2 uA pound inert 
heads. Impact patte rn data will also Ih- rolJeeted for 
an indieation of dispersion. 

F. Preparation and submittal of a finat report deserihing 
the designs, fabrieation pro eod tires for field aeeom- 
plishment. fj ting and launching pmoedures, safety 
meusures arul the program aciivily aceomplished 
during the program. A supplement will be propared 
for the improvised weapons handbook» for eaeh si-/.e 
roeket motor tested and range t-ables provided. 

Jn addition Lo the basic roeket carrior. it is pro põsed that- 
a study Iw made of Ihe employment of the roeket as> a praeti- 
cal weapon, including possible payloads aud the impliealions 
and interfaee considerations betwven the puyloads and the 
roeket. The effort will include: 

A, Study and design of ignition means for individual 
and rriultiple round firings, ineluding delay provisions. 

B. Payioad interfaee investigations, including reeom- 
mended payloads, methods of uUachment, arming 
and activation ; performanee characteristics and modi- 
ficaUons required to adapl roeket and payioad. 
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!J. PKRKORMAXCK OF POIASSlUM X ITRATE/SUGA R 

hkopellanI 


A composiüon of 7Ü'~ Potassium Nitrate leehiiical Orade, 
100 HO mcsh fTylert with 00',? sucro*', eommercial grade. 
cry sinilille, pius 3-5% wator lo axt in eompaetion for grain 
fabricatiou (interniil burner only) has been tesled in ballisüe 
bombs, providing Ihe following data:* 

Asso miim v moleeular vvcighl |M\V) = 30 


Ratio of speciiie heats (k) = 1.21 
Tomp era uure of eombusLjün (T t .) - 2i>40°R 
Gives :i specifie impulsi 1 i k= 137 see (500 psi -> 1 5 pai) 
In a partirolar motnr ; ihe followjng deLerminatiemä were 
made: 


Charaeieristic exhaust veloeily (c*) 

> ä 

With a thrusi coefficient- (Op) 

Al a propellanl de nai lv 
Buming rate (r^) 

Lower Urnil. eombust-ion cfiamher 
pressure (P c ) 

I.Jpper lülilt, U(_. 


- 3080 fps 
= 105 see: 

= 1.10 

= 0.05 Ib/iri 3 

= 0.2H in/see 
fat 800 psil 

~ about 100 psi 

- mure tban 
7500 ps» 


t 

l 


I 

I 


* AHhough eommereiul purity muie rivis may nr >i be uvaä- 
abte to fittld for ees, standard matarials are ci lad kere for 
refercrica and later cotnpurison with uetuat rasutis ob- 
tained. The degradation of per formant:e [mm the ute 
of “field grade" purity composilitnis ivill be tnvexligated. 
It is passib ie, koiva aer, l.hat mate nais aun be oh lained in 
pure form > iharaby ac:hktu \rtg op ti m urn performa )ice. 


The performance of Ihis propellant, then, is slightly supe- 
rior to black powder. The speeifie impulse derived from 
tnotor data was used to eompute the range versus payioad 
graph of Figure 1 as follows: 


Range at 45° elevalion - 


1 

g 


lj & 


w m +W p + W 
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VVhere: g 


ir = 


w m~ 
w p = 


gravitat.ional accel eriliinil 

32.2 ft/see^ 

total impulse, Ib-set^ 

specjfic impulse x priypellanl weight 

weight of motor. lbs 

weight of payload, lbs 

weight of propellant, lbs 


F. PAYI.OADS AN13 MISSIONS FOR IMPROVISED 

T>nrvrTC 


On ee Ihe basie propulsion unit is available, only the inge- 
nuity of the guerrilla persoonel limits Ihe possible missions 
for Ihe roekelä. A number of payloads are immediately sug- 
gested, ranging throughout the speetrum of regular munitions. 
Poxsible missions are shown in Figure 4. 

There are some type» of payloads sueh as incendiary mix- 
tures and biologieal materials which can be put together 
quiekly by the guemlla fighter, ior exampie, the Molotov 
eocktail mixture, 

It -would be possible to as&emble improvised “tomato 
ean” munitions for use with the improvised roeket, High ex- 
plosive charges, surrounried by available small hardware &ueh 
as nails and bolts could be pmpared for delivery with the 
improvised roeket. 
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Projection of conductors over high tension 
lines or into transformer stations to shor t out 
Service Circuit 


lt is assumcd ihal 1.1 ic gucrrilia forrcs w-.J] arrned to 
Äome degrco wiih ecmvcrttional wenpons, pnixicnlarly haud 
!?nns and greipides. The tr.osi iTIVcIai' siay Lund :'or ».hr impro- 
vised mckoi is the grenade: l.ho proposed priniury mi»sion is 
as a prenade thrower, A vai lahk ii: u \:ir.c-.y <>f niin ps, ike 
grenadc provides a rebable, seJl'-cmr.aiiml im il ••<is:Jy itffixcd 
to thc improvUcd rockct i.avrjer l>> ni:.eri.ion in an open 
ended mm lusicned to the rocki'!, head r;m. The rau ivouid bc 
of u size to allovv pulJing or' the uimade snfciy p r \yhiie 
restra iiling the händ safety clip of iho I' s. i>■)>.• tnvusadis. 
Air drag during flighl. can be used lo sep.irah- ilm "rimade 
from the eun, or thc preili id e can bn arvmged ■.<» >epiiralc 
{and arm) at ground impaet. Other ainr.iiži nmuvaiion» mm 
be devised !'or 1 neli on mulch (pull iypri igiir.crs oi 50111c 
foreign grootides, 

Ib(* improvised rockel.’s gresii advanii^ is liial il can bc 
made in modem Lc number* quiekly wiih ordieary haud 
tools, ov its paris eun bi- pre-fabricatod and shaed su parlially 
finished stock. presenlmg ine appearaiuv nf -.öine uikVj.sj>i- 
cious commerciaJ prodnet. When needed. ihe imiu can be 
loadod rapidly and assemblcd into the Lael iral configuratjon. 
Pay Joiul > can bc affixed and even linal u^imlhV can hc 
aciomplished under eover or euncen.meiii. :it or near the 
lau neh s:ie. Compooerits can be brouglil. ii 1:0 ihe asscmbly 
arca by separate persons lor securHy nf\he operaiion and 
persoonel, A typical lau oeh ürca sol op showing a pomlcr 
traio igniiion meihod is depieted in KigureS.Thc drcular 
launi'li copiiguraiion and thc ivnural origin for powdor trains 
10 eaoh rockct allmvs ripple firiugs wilhout one rockct 
exhanst extinguUhing thc powder ira m of adjaeent. roe kets. 
The kiuuch snpport shown in Kigure õ js ;i sjmpJc lo rk cil 
stick out l.o a size to allow thc 45° la nn dl angle. This is 
aivomplisJiud l>y providing the verlical heighi oflbc snpport 
lo bc 7/1 Oüi of Ihe leegib of thc rock et body lo l.hc poini of 
su pporl. 

In iiddjlion Lo slick .snpport», mouiulsof diri. ronvonu-nt 
• •mbanlilllcnt.,, drido pipe or stove pipe, wooden troopb.s or a 
vnriuly of olher mai cv mis ;u nvuikibk- in thc area cmi be used 
hu- lo. kel põsil ioniiu»; 1111J iiiiiml dnci l ioiial i-ontrol. 


1 !> 




Figure 6 show* cx;impl('i of ignition mesins whieh can h<> 
used For firings of in dividend or multiple rounds. 

G. TACTICAL F-M P LO VM EXT 

Although the improvised me kets are of relativuly >rn:iJI 
size, tlicy can be used foi projecting rolatively heavy payloads 
for shon. disUince*. For exampie, they mighl. be usod as anti- 
vehicular or even anti-iank weapons, In siiril iiho, Ihe rockel 
would be pre-positioned with its warhoad and ignited 
remoteiv. A typical emplacement mighl. be jn an oiul imikmem. 
flanking a (letile or road traveled by vehkles. A vcry large 
warhead could be projeeted on a relalively Fiat irajerUiry for 
a range of 10 õ0 meters. * 

The fabricatitm of sliaped chart^V deviees is' rendi lv 
aeeomplished ’.n the field. For exampie. Ihe boitom config- 
ura Ljo i l of irmny vvine boi. Uus Torm* an exeellenlly eonfigurcd 
mold and lirior for a shaped eharge. J1 ■-> aisu pussil) le lo 
iiÄproviss* nn impaet initiator Ltsing sodi uni cli lorate, sugar 
and salpburic ae id (car batterv aeid). 

The possib-e u30 of the fmprovised rockid* as antiair- 
craft weapons should not be diseourded. A muiged in arrays 
unricir the approarh or take-off pattevn* of airports, or pn>- 
positioued in probnble kmding areas (T>r aireraft or hedi- 
eopwrs, tbe improvised rockei cou.d prove a reasorwbly 
effeetive oiu; tiimi weapon. Tt would also be possible io ase 
the rockeis for air defoiise of <in nrea by ‘aunebing salves 
against pre-selected points in the lösuaoe over t.he gucrrilla 
position, firing the roekets upon the approaeh and passage 
through Ihe airspaee by the target uiveraft. 

An inferesLing niLsftion for iridividual roe kets is in the 
throwing of lines. A large varietv of uses is possible here, 
ln ael.s of suhol.age, eonduetive wires can be pro.jected over 
higil teiision lines or into iransforniur sbitions lo ghorl oot- 
eirrir t* of the oleetrical supp lv. Üjim.e critkal e leedri eal 
fai'ilili( l s ale likeiy lo be Luider elose seciirity gnand or 
.xiirveillaucr, au nhilily eo reaeh the ins talla li on by rockid 

riivil 1'roin ii j. im' poini. <m'..ii de l.be seeuril.y nrea p riivides 

<-.:i vvliiih n ligb I (u.hi-rwise hc im pussi Iile for the saholeurs. 
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The sanii; wire pulling technique eaa be used for friendlv 
ÄUpport purposus — lo inleremmnet two positi ons wilh tole- 
phorie cable or to placc alead line across an obstacle 1.0 draw 
aeross a heavier intertrormetrtion for furl hor a<‘Cess aeross the 
obstacle. 

Tite improvised rooket would he bcst. timploved wil h pay- 
loads and missions whieh exploit the ha>ic features of Ihe 
improvised device. Thesc missions are-: 

A. Grenada t-hrowing for yr.tpersonm 1 and 1 United 
structural damnge. 

B. Line throwing for sioeess in:.o sonircr I areas or jn 
spinning obstacle*. 

The guemlla tõrve/häving a rpoker. < apabilily will find 
missions for ils empiqy meril lo !^fei ninny lireds yrising 
in their environment. they will use l>oth iudividual roekols 
lo solve sperjlic ancess problems and mi il lipi c ronnd firings 
for iheir defensive and ofiensive opereti ons. The improvised 
rockid. will add a sh ork and siirprisr enpnhilit.y to insnrgcnt- 
operaüon*. It will give ihe ägenes noi only grealer slriking 
oppmxnnity hnt- better seeurity and abiliiv lo eseape after 
avi.inns. Oooe used by rhe guerrillu torre, rockilt* will expand 
the oppositioirs manpower required for ihe seeurity of vilal 
in.sl.al hit i ons, making the eoiini er-?n»nrgnney of fort morn 
burdensome and ooslJy, 

The improvised roekel '.vill add a dimension lo guerrilla 
operat.ions impncling bol.h t.he taclieal and psychoJogical 
areas of Ihe insurgenoy silualion, The roe rk et eapabilily will 
strengthen the effeetiveness and mõrale of the guerrilla foree, 
w li iie prn sen ling the op posin g authority witb a new and 
unexperied problem. Inercnsed suppressive eJTorl. over larger 
areas must be applied lo eounter Ihe suddenly inereased 
vuln(*r!iliilii.y of his instal lati ons, equipment and personnel. 
At a very low cosi U> Ihe guerrilla in ilme and effori, his 
karas sm ('nt va liir will be enhaneed significantly fhrough 
addilion of the improvised roeket to his “arsenal”. 
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APHBNDIX 


TaV>le I. 1‘ollovfirö. gives t.ho results of noore Ihan 1.000 
lest 1‘irinKä of po tais iu m f liiva te. 'suoro.se propnHed rocliels 
utinfe? » proprilanl. formukiion us doseribod in Par:igray>h k. 
Section II. ‘‘Technieai Distussion’'. lesis wri; c:on duol eel 
duzüig Ihc period 1017-50. Noiiilion uwd «n Tublc 1 
Ihe conventions out-liivecl in ihi* see ii cm following llie 1 al>le: 
"SimpUf Fxprossions For Quick Look Ksl.imatious of Soad 
Propeilani Rocket Motor Ferformaivoe". 
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SlMPLE EXPRESSIONS FOR QUICK-LOOK ESTIMATES 
OK SOLID PROPELLANT ROCKET MOTOR PERFOUM ANCE 
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1.46 1.06 1.60 1.65 Note : 

M;ix (.'-p - 2.246 


CLOSEI) ROMH OE TERMIN A 1’IQN OK SPKOI KR: IMPUI.SK: 


Bomh Võlume = V, cc 

Propellant Weight _ w.grn 

Maximum Pres&urt? - F, lb/iiv^ 

Im petus = F^p ft-lb/lb 

^imp = h ^ . 

vv;'v 

k| - 2.307 (eovolume and dimensionless 

unit convcTsion 1'ael.nr) 

~ ^2 ^imp) 

k2 - 7,72 (uniL cortversion faelov) 

T * ~ ** <: K - KyCp, (K imp t 1:2 

R 

kjj - 0.240 (dimensionlcss faetor) 

^4 ^imp) 

1,000 pst 

kq - 0.379 iunil eonversioo faeiort 

NOTE: Constants k], k 2 , k 3 and kq above are empnically 
derived faclora which give approximaiions u> 1.he quani.i1.ies 
expressod Irir quirk look evalualions of t.he propos-ed sol id 
propellant roekets as derived Irom amateur group experi- 
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